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1. PHASE RETARDATION MEASUREMENTS IN POLARIZATION AND 

0 INTERFERENCE MICROSCOPY 

Both p o l a r i z i n g  and i n t e r f e r e n c e  microscopes d e t e c t  

and measure changes or d i f f e rences  i n  t h e  v e l o c i t y  of 

l i g h t  propagated wi th in  minute o b j e c t s ,  Both i n s t r u -  

ments  accomplish t h i s  by measuring the  r e t a r d a t i o n  o r  

advancement of one t r a i n  of l i g h t  waves r e l a t i v e  t o  

I. 

another  emanating from the same source.  Both types of 

measurements a l s o  r equ i r e  (except  i n  s p e c i a l  circum- 

s t ances ,  see Sec t ion  2,D.) t h e  determinat ion of the 

th ickness  of t h e  o b j e c t ,  These measurements i n  the  

two k inds  of microscopes p r e s e n t  s i m i l a r  problems even 

though t h e  o p t i c a l  p rope r t i e s  de t ec t ed  a r e  i n  t he  two 

cases  d i f f e r e n t .  This a r t i c l e  w i l l  compare t h e  theory 

and practice/measurements of phase r e t a r d a t i o n  by two 

e n t i r e l y  d i f f e r e n t  methods; f i r s t  by the  generat ion of 

image c o n t r a s t  through in t e r f e rence  a s  the  b a s i s  f o r  

of 

photometric measurements and second, t h e  e l e c t r o n i c  detec-  

t i o n  of phase r e t a r d a t i o n s  by phase-modulation methods 

employing " lock-in ampl i f ie r"  techniques.  

Light  emit ted from a given monochromatic source i s  con- 

s ide red  according t o  physical  o p t i c a l  theory a s  t r a i n s  of 

waves v i b r a t i n g  a t  a c h a r a c t e r i s t i c  frequency (L~) which i s  

i n v a r i a n t ,  The v e l o c i t y  (V)  and wavelength (X) of l i g h t  

bo th  change i n  media of d i f f e r e n t  r e f r a c t i v e  index. The 

r e l a t i o n s h i p  between frequency, v e l o c i t y ,  and wavelength i s  

U t  V A  ..,....,..........( 1) 
For l i g h t  of a given frequency, the  r e f r a c t i v e  index of an 



-2- 

i s o t r o p i c  medium i s  t h e  r a t i o  of t h e  v e l o c i t y  of l i g h t  i n  

a vacuum t o  t h e  v e l o c i t y  of l i g h t  i n  t h a t  medium: 

= %sEi .............. ( 2 )  
Aniso t ropic  or b i r e f r i n g e n t  m a t e r i a l s  are c r y s t a l l i n e  

and t ransmi t , , a t  d i f f e r e n t  v e l o c i t i e s , l i g h t  waves which 

v i b r a t e  p a r a l l e l  t o  t h e i r  c r y s t a l l i n e  axes.  

Bi re f r ingence  ( B )  i s  usua l ly  def ined  as t h e  d i f f e r e n c e  

i n  r e f r a c t i v e  i n d i c e s  ( n l ,  n2 )  of material  f o r  l i g h t  v ib ra -  

t i n g  p a r a l l e l  t o  i t s  c r y s t a l l i n e  axes. However, b i r e f r i n -  

gence i s  u s u a l l y  measured with monochromatic l i g h t  as t h e  

r e t a r d a t i o n  ( r ) i n  l i n e a r  u n i t s  (mil l imicrons o r  angstrom 

u n i t s )  p e r  i d e n t i c a l  u n i t  of t h i ckness ,  (t). 

B = n l  - n2  - P  - ................ (3)  

The r e t a r d a t i o n  of one wave of monochromatic l i g h t  rela- 
7 

t i v e  t o  another  can be expressed n o t  only i n  l i n e a r  u n i t s  

( i - ) ,  b u t  as f r a c t i o n s  of a wavelength (e-g.  ;54/4 f o r  q u a r t e r  

w a v e ) ,  o r  as a phase angle  i n  degrees  ( 8 )  o r  i n  r ad ians  ( A ) .  

r = d = A  
7 360 27p ...............,.( 4) 

(For gene ra l  references, see Jenkins  and White (1957) ,  Ditch-  

burn  (1963) and S h u r c l i f f  (1962) . )  

The measurement of b i r e f r ingence  r e q u i r e s  t h a t  bo th  t h e  

phase r e t a r d a t i o n  and t h e  th ickness  of t h e  specimen be 

measured. The p o l a r i z i n g  microscope i s  used t o  f i n d  and 

i d e n t i f y  t h e  c r y s t a l l i n e  axes of t h e  o b j e c t  by tu rn ing  it 

on a revolv ing  s t a g e  i n  a f i e l d  i l lumina ted  wi th  l i n e a r l y  

p o l a r i z e d  l i g h t .  The s implest  condi t ions  f o r  measuring the  

phase r e t a r d a t i o n  a r e  obtained by r o t a t i n g  t h e  o b j e c t  45O from 
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* r t h e  p o s i t i o n  of m i n i m u m  b r igh tness  i n  l i n e a r l y  po la r i zed  

l i g h t .  A t  t h e  45O pos i t i on  t h e  b r igh tness  of t h e  object 

should be maximal. The in t roduct ion  of a phase re ta rda-  

t i o n  from a compensator of t h e  proper range equal  and 

oppos i te  t o  t h a t  of t h e  specimen w i l l  b r i n g  i t s  b r i g h t -  

nes s  t o  a minimum, c a l l e d  the e x t i n c t i o n  poin t .  Since 

t h e  slow a x i s  of the compensator i s  marked (usua l ly  with 

t h e  symbolT) ,  the  slow axis  of the specimen i s  then known 

and t h e  s ign  of i t s  b i r e f r ingence  noted according t o  the  

convention t h a t  p o s i t i v e l y  b i r e f r i n g e n t  o b j e c t s  t ransmit  

l i g h t  more slowly p a r a l l e l  t o  t h e i r  long a x i s  (see Bennett, 

1950, f o r  d e t a i l s ) .  

When the  specimen i s  or ien ted  a t  45O t o  the  i n c i d e n t  

l i n e a r l y  polar ized  l i g h t ,  the  l a t t e r  i s  resolved i n t o  

two mutually perpendicular  components of an e l l i p t i c a l l y  

po la r i zed  wave. The phase r e t a r d a t i o n  of one of these  

components r e l a t i v e  t o  the  o t h e r  can be measured with any 

of s e v e r a l  kinds of compensators, such as  the  t i l t i n g  ca l -  

c i t e  p l a t e s ,  e.9. of Ehringhaus (1931),  a s l i d i n g  bi-wedge 

of t h e  Solei l -Babinet  type,  a r o t a t a b l e  mica p l a t e  of the  

K6hler (1921) type,  o r  by a f ixed  quarter-wave p l a t e  

followed by a r o t a t a b l e  analyzer ( t h e  de Sgnarmont method 

1840, 1847).  (See Jer ra rd ,  1948, f o r  a d i scuss ion  of the  

r e l a t i v e  m e r i t s  of compensators.) With the  Ehringhaus 

and Solei l -Babinet  compensators ( t h e  so-cal led " f ixed  azimuth 

type" )  t h e  phase of the two perpendicular waves i s  s h i f t e d  

wi thout  reso lv ing  them i n t o  new components a t  d i f f e ren t ;  

angles .  The mica compensator i s  more complicated; it i s  
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b i a x i a l  and phase s h i f t s  are introduced by varying the  

angle of i t s  c r y s t a l l i n e  axes t o  those of t he  o b j e c t  t o  

be analyzed. I n  t h e  de Sgnarmont method, the  f ixed  

quarter-wave p l a t e  may be  considered e i t h e r  t o  reso lve  

t h e  phase-retarded 45O l i n e a r  components of the  e l l i p -  

t i c a l l y  polar ized  l i g h t  i n t o  counter - ro ta t ing ,  c i r c u l a r -  

l y  po la r i zed  waves which interfere  a t  an analyzer  angle 

c h a r a c t e r i s t i c  of the o r i g i n a l  phase r e t a r d a t i o n  between 

them o r  t o  convert  a phase r e t a r d a t i o n  i n t o  an equiva len t  

o p t i c a l  r o t a t i o n .  

method a r e  t h a t  1) the  range i s  one wavelength ( f o r  180° 

r o t a t i o n  of t he  a n a l y z e r ) ,  and 2 )  the  s c a l e  i s  l i n e a r .  

These and o the r  compensators vary both i n  range,and i n  

t h e  accuracy with which t h e i r  s c a l e s  may be read. The 

theory and p r a c t i c e  of compensator u s e  a r e  discussed a t  

l eng th  i n  seve ra l  important pub l i ca t ions  which should be 

consul ted f o r  d e t a i l s .  ( Je r ra rd ,  1948; Bennett, 1950; 

Gahm,1963; Hallimond,l953; Hartshorn and S t u a r t  1951; 

I n o u e  1951, Inoue’ and Koester, 1959.) 

The advantages of t he  de Sgnarmont 

The double-beam i n t e r f e r e n c e  microscope measures pr in-  

c i p a l l y  t h e  r e t a r d a t i o n  of l i g h t  waves t ransmi t ted  through 

i s o t r o p i c  specimens r e l a t i v e  t o  those waves t ransmi t ted  

through t h e i r  surround. This r e t a r d a t i o n ,  o r  o p t i c a l  path 

d i f f e r e n c e ,  i s  proport ional  t o  the  thickness  of the  speci-  

m e n  and t o  the  d i f f e rence  i n  r e f r a c t i v e  index from t h a t  of 

t h e  surround. 

0 - P - D -  = t ( n o  - nrn) ........ . ........... ( 5 )  

One type of i n t e r f e rence  microscope now manufactured by 
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rl * t h e  E.  L e i t z  Company, t h e  Mach-Zehnder type (Horn, 1958) ,  

u t i l i z e s  unpolar ized l i g h t  which i s  d iv ided  by beam- 

s p l i t t i n g  prisms i n t o  pa ths  t r a v e r s i n g  microscopes of 

matched o p t i c a l  pa ths ,  only one of which con ta ins  t h e  

specimen. L igh t  from t h e  two microscopes i s  recombined 

by a second se t  of prisms to  produce i n t e r f e r e n c e  co lo r  

c o n t r a s t  i n  white  l i g h t  or b r i g h t n e s s  c o n t r a s t  i n  mono- 

chromatic l i g h t .  I n  t h i s  type of i n t e r f e r e n c e  microscope 

t h e  mean r e f r a c t i v e  index i s  measured un le s s  p o l a r i z i n g  

f i l t e r s  are used t o  d e t e c t b i r e f r i n g e n c e .  Op t i ca l  pa th  

d i f f e r e n c e s  or phase r e t a r d a t i o n s  a r e  measured by i s o t r o p i c  

wedge compensators moved by  s c r e w  mechanisms. 

0 

A second type of instrument  (Dyson, 1950) now manufac- 

t u r e d  by Vickers Instruments ,Ltd. ,  accomplishes a s i m i l a r  

r e s u l t  by h a l f - s i l v e r e d  mirror beam s p l i t t e r s  w i th in  a 

s i n g l e  microscope. I n  gene ra l ,  i t  i s  troublesome and 

inconvenient  t o  set  up, and i t  may n o t  be used t o  d e t e c t  

b i r e f r ingence .  

A t h i r d  type i s  the  po la r i z ing  i n t e r f e r e n c e  microscope 

(Lebedef f , 1930) , d i f f e r e n t  ve r s ions  of which a r e  a v a i l a b l e  

f r o m  va r ious  o p t i c a l  companies. For example, Vickers 

( formerly Baker) and the American Op t i ca l  Company, manufac- 

t u r e  t h e  device pa ten ted  by Smith i n  1947 and 1950 (see 

Smith, 1955, f o r  re ferences)  : t h e  B e i s s  Company has pro- 

duced a modified ve r s ion  based on t h e  same p r i n c i p l e  ( P i l l e r ,  

1962, G a h m ,  1963).  I n  these instruments  t h e  phase r e t a r d -  

a t i o n s  caused by t o t a l  r e f r a c t i o n  (and t o  some e x t e n t  

i n f luenced  by b i r e f r ingence )  are i d e n t i c a l  from t h e  phys ica l  
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t s tandpoint,  t o  those caused by b i r e f r i n g e n t  specimens 

0 or i en ted  a t  45 degrees t o  the plane of p o l a r i z a t i o n  i n  

rv 

t he  po la r i z ing  microscope. For t h i s  reason,  i d e n t i c a l  

compensation methods may be used t o  measure these  phase 

r e t a r d a t i o n s  i n  t h e  t w o  cases.  

The f e a t u r e  of po la r i z ing  i n t e r f e r e n c e  microscopes 

which determines t h a t  t h e  phase r e t a r d a t i o n s  observed 

a r e  due t o  t o t a l  r e f r a c t i o n  and n o t  t o  b i r e f r ingence  i s  

a p a i r  of b i r e f r i n g e n t  p l a t e s  s i t u a t e d  below and above 

t h e  specimen plane,  The f i r s t  of t hese  r e so lves  each 

i n c i d e n t  l i n e a r l y  polar ized  r ay  i n t o  two mutually per- 

pendicular  l i n e a r l y  polar ized rays  v i b r a t i n g  a t  45 degrees 

t o  t h e  i n c i d e n t  plane of po la r i za t ion  and t r a v e r s i n g  d i f f -  

e r e n t  p a r t s  of t he  specimen plane.  One of t hese  rays con- 

s t i t u t e s  p a r t  of t h e  ''measuring beam", while t he  o ther  i s  

p a r t  of t h e  " r e fe rence  beam". The o b j e c t  r e t a r d s  ( o r  

advances) t he  former b u t  not the  l a t t e r .  When t h e  two a r e  

recombined by t h e  second b i r e f r i n g e n t  beam-spl i t t ing p l a t e ,  

t h e  phase r e t a r d a t i o n  introduced by r e f r a c t i o n  i n  t he  speci-  

men i s  de tec t ed  a s  t h e  phase r e t a r d a t i o n  of one of t he  

l i n e a r  components of t h e  e l l i p t i c a l l y  po la r i zed  l i g h t .  

/ 

Since the  measuring beam i s  l i n e a r l y  po la r i zed ,  the  r e t a rd -  

a t i o n  which i s  measured w i l l  depend,to some e x t e n t t o n  whether 

t h e  specimen i s  b i r e f r i n g e n t ,  and i f  so,  which of i t s  crys- 

t a l l i n e  axes i s  p a r a l l e l  t o  t he  plane of p o l a r i z a t i o n  in t h e  

measuring beam. Thus t h e  p o l a r i z i n g  i n t e r f e r e n c e  microscope 

detects mean r e f r a c t i v e  index. However, double r e f r a c t i o n  

or b i r e f r ingence  i s  a l s o  d e t e c t a b l e ,  a s  a d i f f e r e n c e  i n  
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1 .L * phase r e t a r d a t i o n  a s  t h e  specimen i s  rgtated i n  t h e  m e a s -  

u r i n g  beam. The s e n s i t i v i t y  f o r  birefringence,however, i s  

f a r  lower than wi th  t h e  p o l a r i z i n g  microscope. (c f .  Bruce 

and Thornton, 1957: G a h m ,  1962,  1963.) 

a 

A. IMAGE CONTRAST METHODS AND THEIR LIMITATIONS 

Phase r e t a r d a t i o n  measurements i n  bo th  i n t e r f e r e n c e  

and p o l a r i z a t i o n  microscopes g e n e r a l l y  depend on some k ind  

of photometry i n  the image plane.  The genera t ion  of con- 

t r a s t  f o r  such measurements i s  based on c o n s t r u c t i v e  and 

d e s t r u c t i v e  i n t e r f e r e n c e  of l i g h t  waves d i f f e r e n t i a l l y  

r e t a r d e d  by the  specimen. I n  bo th  t h e  p o l a r i z a t i o n  and 

p o l a r i z i n g  i n t e r f e r e n c e  microscopes, t h e  maximum con- 

t r a s t  due t o  l i g h t  i n t e r f e r e n c e  i s  l i m i t e d  by the  ex t inc -  

t i o n  f a c t o r ,  F ,  ( a l so  ca l l ed  the  c o n t r a s t  r a t i o )  , which 

i s  t h e  r a t i o  of maximum and minimum i n t e n s i t i e s  a t  peak 

c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r f e r e n c e  condi t ions .  

These i n t e n s i t i e s  may be measured d i r e c t l y  (Ip and Ix)  
by s e t t i n g  t h e  p o l a r s  p a r a l l e l  and crossed  wi th  e i t h e r  

type of microscope, or b y  measuring w i t h  monochromatic 

l i g h t  t h e  i n t e n s i t y  a t  t h e  c rossed  p o s i t i o n  and a t  some 

s m a l l  ang le ,  @, a few degrees off e x t i n c t i o n ,  t ak ing  ad- 

vantage of t h e  s i n e  square l a w  of Malus (Cf. Jenkins  and 

White, 1957).  

F =  I P = I@ - 1  
I X  Ix ..................( 6) sin2 B 

I n  t h e  p o l a r i z i n g  microscope, p o l a r i z i n g  prisms o r  

f i l t e r s  may be found with e x t i n c t i o n  f a c t o r s  as high as 
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* 
1066 b u t  t he  addi t ion  of lenses  and compensators i n e v i t -  

ably reduces the  e x t i n c t i o n  f a c t o r  t o  1-2 X l o 4  even i n  0 
r e c t i f i e d  l e n s  systems (Cf. Inoue'and Hyde, 1957).  Factors  

c h i e f l y  respons ib le  f o r  loss  of c o n t r a s t  a r e  s t r a i n  bire- 

f r ingence  and d e f e c t s  i n  lenses ,  d u s t  on o p t i c a l  su r f aces  

and i n t e r n a l  r e f l e c t i o n s ,  Unrec t i f ied  o p t i c a l  systems 

may s u f f e r  very severe loss of c o n t r a s t  due t o  depo la r i -  

za t ion  a t  high numerical aper tures .  Despite these  l i m i -  

t a t i o n s ,  t h e r e  i s  s u f f i c i e n t  c o n t r a s t  i n  a h ighly  r e f ined  

o p t i c a l  system (F = l o 4 )  t o  d e t e c t  r e t a r d a t i o n s  a s  small  

a s  0.35  angstroms (a/ 15,000 f o r  green l i g h t )  i n  minute 

o b j e c t s  ( Inouk and Koester, 1959) . 
I n  t h e  i n t e r f e r e n c e  microscope, t h e  e x t i n c t i o n  f a c t o r  

i s  t y p i c a l l y  2-3 orders  of magnitude lower than i n  t he  

p o l a r i z i n g  microscope. The r e l a t i v e l y  poor c o n t r a s t  i s  

a t t r i b u t a b l e  mostly t o  t h e  f a c t  t h a t  l i g h t  waves brought 

t o  focus a t  any p o i n t  i n  the  microscopic f i e l d  t r a v e l  

d i f f e r e n t  o p t i c a l  paths.  For t h i s  reason, t h e  e x t i n c t i o n  

f a c t o r  i s  h ighes t  (and the  r e so lv ing  power poores t )  a t  

small  ape r tu re s  and c o n t r a s t  drops sharply a s  the  con- 

denser  ape r tu re  i s  increased. A t  f i r s t  s i g h t  i t  might '  

s e e m  t h a t  s i g n a l  t o  noise  r a t i o s  f o r  measurements would 

be much lower f o r  i n t e r f e rence  microscopes than f o r  pol- 

a r i z i n g  microscopes, The increased noise  i s  o f f s e t ,  how- 

e v e r ,  by the  correspondingly l a r g e r  phase r e t a r d a t i o n s  

u s u a l l y  encountered i n  ob jec ts  of b i o l o g i c a l  i n t e re s t .  

The measurement of phase r e t a r d a t i o n s  by photometry i n  

t h e  image plane can be considered a s  a genera l  problem 
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L c i r r e s p e c t i v e  of whether they a r e  measured i n  t he  i n t e r -  

ference o r  t he  p o l a r i z i n g  microscope, The following der- '. 
i v a t i o n  f o r  image c o n t r a s t  a s  a func t ion  of t he  r e t a rd -  

a t i o n s  of the  o b j e c t  and background and of t h e  e x t i n c t i o n  

f a c t o r  app l i e s  t o  t h e  following s i t u a t i o n s :  

1, Polar ized l i g h t  microscopy with the  o b j e c t  axes 

s e t  a t  45O t o  t he  plane of i n c i d e n t  l i n e a r l y  polar ized  

l i g h t ,  and with the  background r e t a r d a t i o n  introduced by 

compensators of t he  Ehringhaus, Solei l -Babinet ,  and 

de Senarmont types.  
/ 

2. Po la r i z ing  in t e r f e rence  microscopy wi th  the  o b j e c t  

i n  a background of  uniform ( b u t  v a r i a b l e )  o p t i c a l  path 

d i f f e r e n c e ,  and a compensator of one of t h e  types mentioned 

above . 
The i n t e n s i t y  (10~) t ransmi t ted  by any u n i t  a r ea  i n  t h e  

image depends on t h e  i n t e n s i t y  (I ) of t h e  l i g h t  a t  maximum 

cons t ruc t ive  i n t e r f e r e n c e  ( p a r a l l e l  p o l a r s ) ,  t he  s i n e  square 

of t h e  sum of the  phase d i f f e rences  ( i n  r ad ians )  of t h e  

P 

o b j e c t  (clo~) and background (AB)  and on t h e  e x t i n c t i o n  

f a c t o r  ( F ) .  

IOB = Ip s i n  * p;. + +  3 + ;p ......( 7 )  

IB = Ip s i n 2 p B  ) +;p .............. (8) 
The corresponding background i n t e n s i t y  i s  

2 
The c o n t r a s t  due t o  phase r e t a r d a t i o n  d i f f e r e n c e s  between 

t h e  specimen and i t s  background i s  def ined a s  the  d i f f e r -  

ences i n  t h e i r  b r igh tness  divided by background b r igh tness .  

This  c o n t r a s t  can be shown t o  depend only on the  two phase 

r e t a r d a t i o n s  and on the  ex t inc t ion  f a c t o r :  
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c = s i n  A OB 
2 

s i n 2  AB + 1 
-2--- F ...... .... ... e (9 )  

Figures  1 and 2 are p l o t s  of t h e  c o n t r a s t  expected f o r  

objects e x h i b i t i n g  d i f f e r e n t  phase r e t a r d a t i o n s  (4 OB) a t  

d i f f e r e n t  background r e t a r d a t i o n s  ( A B )  under high and 

l o w  e x t i n c t i o n  f a c t o r s  r e spec t ive ly .  F igure  1 i s  repre-  

s e n t a t i v e  of t h e  condi t ions  t h a t  might be expected i n  a 

h igh  e x t i n c t i o n  p o l a r i z i n g  microscope (F  = 10 4 ) /  while  

f i g u r e  2 approximates condi t ions  i n  an i n t e r f e r e n c e  sys- 

t e m  (F = 5 0 ) .  

These cucves suggest  the fol lowing comments: 

1. On t h e  nega t ive  contrast1 s i d e  of t h e s e  curves ( t o  

t h e  r i g h t  of t h e  o r i g i n )  t h e  bias  r e t a r d a t i o n  ( A B )  fo r  

maximum brigh't on dark background c o n t r a s t  must be in -  

c reased  i f  t h e  e x t i n c t i o n  f a c t o r  i s  l o w .  Conversely, in 

an i d e a l  system, c o n t r a s t  would be maximal (and i n f i n i t e )  

w i th  no bias  r e t a r d a t i o n .  Con t ra s t  curves  publ ished by 

H a l e  (1958) showed t h i s  f e a t u r e  because t h e  e x t i n c t i o n  

factor  w a s  n o t  considered. 

'By t r a d i t i o n ,  microscopis ts  r e f e r  t o  images of a b r i g h t  

object on a darker  background as "negat ive  c o n t r a s t " .  

According t o  our  de r iva t ion  i t  appears on t h e  graphs as 

p o s i t i v e  va lues  (above the o r i g i n ) .  
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I * 
I * 2. The maximum p o s i t i v e  (dark on l i g h t )  c o n t r a s t  i s  found 

0 a t  a b i a s  r e t a r d a t i o n  (-AB) somewhat i n  excess o f A o B ,  t h a t  

i s ,  j u s t  p a s t  t h e  ex t inc t ion  poin t .  T h i s . i s  so because 

t h e  background near t h e  objec t  e x t i n c t i o n  s e t t i n g  i s  in- 
.\ . 

c reas ing  i n  b r igh tness  more r ap id ly  than t h e  objec t .  This 

s e t t i n g  i s  a favorable  one f o r  photography ( e s p e c i a l l y  

cinematography) i n  polar ized l i g h t ,  s ince  i t  provides a 

more r e l i a b l e  exposure s e t t i n g  and more t o t a l  l i g h t  s t r i k -  

i n g  the  f i l m  p lane ,  as w e l l  a s  maximum c o n t r a s t .  

3 .  For very small  values  of&, the  p o s i t i v e  and negat ive 

c o n t r a s t s  are approximately equal  a t  t h e i r  r e spec t ive  

maxima. AS t he  value o f h 0 B  inc reases ,  t h e  negat ive con- 

t r a s t  becomes much g rea t e r .  

The compensator i s  used i n  d i f f e r e n t  wayston the  one 

hand, to  enhance c o n t r a s t  i n  o rder  t o  demonstrate d i f f e r -  

ences i n  phase r e t a r d a t i o n ,  and on t h e  o the r  hand t o  

measure those  d i f f e rences .  I n  the former case ,  t h e  com- 

pensa tor  i s  set  a t  some small b i a s  angle determined by 

t h e  o b j e c t  r e t a r d a t i o n  and e x t i n c t i o n  f a c t o r  (Figures 1 

and 2 ) .  I n  t he  case of measurements, the  compensator i s  

set  t o  m e e t  one of t h e  following condi t ions:  

1. The e x t i n c t i o n  p o i n t  i s  the  compensator s e t t i n g  

a t  which t h e  o b j e c t  passes through i t s  d a r k e s t  shade, 

i . e .  a phase r e t a r d a t i o n  gf zero  or t h e  n u l l  po in t .  T h i s  

s e t t i n g  i s  f r e e  from a l l  systematic e r r o r  due t o  c o n t r a s t  

from o the r  o p t i c a l  p rope r t i e s ,  b u t  t he  s e t t i n g  i t s e l f  i s  

i n h e r e n t l y  imprecise ,  as the c o n t r a s t  changes very slowly 

about t h e  e x t i n c t i o n  point.  The p rec i s ion  of t he  s e t t i n g  
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m 9 may be improved considerably by t he  use of a half-shade 

device permi t t ing  two halves of t he  f i e l d  of view t o  be 

matched i n  b r igh tness .  

I 

‘ a  
2. The match p o i n t  (except i n  t h e  case of half-shade 

eyepieces)  i s  the  compensator s e t t i n g  a t  which t h e  c o n t r a s t  

between the  o b j e c t  and background i s  abol ished,  The match- 

p o i n t  can be se t  f a r  more p rec i se ly  than t h e  e x t i n c t i o n  

po in t  because t h e  c o n t r a s t  changes very sharp ly  with small  

changes i n  o p t i c a l  path.  However, t h i s  method i s  poten- 

t i a l l y  misleadingj  it should be avoided u n l e s s  it i s  known 

t h a t  t he  b r igh tness  of t h e  o b j e c t  and background are equal  

a t  t h e i r  r e spec t ive  ex t inc t ion  poin ts .  A s  Bear and Schmi t t  

(1936) ,  showed, specimens out l ined  i n  po la r i zed  l i g h t  

microscopy a r e  t r anspa ren t  enought t h a t  t he  match-point 

s e t t i n g  may be considered the most r e l i a b l e ,  

3, Photoqraphic densi tometr ic  measurements of phase 

r e t a r d a t i o n s  depend on whether c o n t r a s t  i s  being used t o  

determine e x t i n c t i o n  o r  match po in t s  o r  whether c o n t r a s t  

i s  t o  be used d i r e c t l y  as the  measure of phase r e t a r d a t i o n s .  

I n  t h e  l a t t e r  ca se ,  A l l e n  and Nakajima (1964) have suggested 

a two-photograph method for  po lar ized  l i g h t  microscopy i n  

which small  r e t a r d a t i o n s  could be measured from t h e  photo- 

graphic  dens i ty  d i f f e rence  read from two photographic 

nega t ives ,  one taken on each s i d e  of t h e  e x t i n c t i o n  point, 

a t  a compensator angle  chosen t o  equal ize  photographic 

c o n t r a s t  a s  a func t ion  of dens i ty  d i f f e rence .  I n  dea l ing  

wi th  l a r g e r  path d i f fe rences  it i s  p re fe rab le  t o  se t  the  

background r e t a r d a t i o n  ( A B )  a t  some value c lose  t o  v4, 
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I * I s i n c e  t h e  c o n t r a s t  on bo th  s i d e s  of t h a t  p o i n t  i s  almost 

a l i n e a r  func t ion  of  t h e  object phase r e t a r d a t i o n  ( 4 0 ~ ) .  

(g.9. see Haler1958) .  I n  practice i t  i s  always necessary 

t o  make i d e n t i c a l  measurements on bo th  s i d e s  of t h e  ex- 

t i n c t i o n  curve,  i n  order  t h a t  errors due t o  c o n t r a s t  from 

absorp t ion ,  l i g h t  s c a t t e r i n g , e t c .  w i l l  c ance l  ou t .  The 

i n c l u s i o n  of an object with a l a r g e  phase r e t a r d a t i o n  

(g.9. l x o r  m o r e )  i n  t h e  f i e l d  of t h e  photograph w i l l  pro- 

v ide  a record  of t he  e x t i n c t i o n  f a c t o r ,  provided t h e  

l a t i t u d e  of t h e  f i l m  i s  s u f f i c i e n t  t o  inc lude  t h e  e n t i r e  

s i n e  square i n t e n s i t y  funct ion on t h e  l i n e a r  p o r t i o n  of  

t h e  sens i tome t r i c  curve. I f  t h e  e x t i n c t i o n  f a c t o r  i s  so 

h igh  t h a t  t h i s  i s  no t  poss ib l e  under t h e  cond i t ions  of 

f i l m  development, then some o t h e r  c a l i b r a t i o n  procedure 

must be followed. Various ways of doing t h i s  are d i s -  

cussed a t  l eng th  i n  t h e  books by H a l e  (1958) ,  and by Krug 

- e t .  &. (1961) ,  and i n  papers by Davies (1958) ,  and by 

Al len  and Nakajima (1964). 

0 
1 
2 

4. I f  a pho toce l l  o r  photomul t ip l ie r  i s  used t o  set  

t h e  compensator, t he  same types of measurement c i t e d  above 

may be used. The most re l iable  i s  s t i l l  t h e  e x t i n c t i o n  

p o i n t  s e t t i n g ,  even though i t  i s  n o t  very  s e n s i t i v e .  The 

s e n s i t i v i t y  may be increased by a symmetrical angle  tech- 

nique i n  which t h e  i n t e n s i t y  i s  read a t  s e v e r a l  s e t t i n g s  

on b o t h  s i d e s  of t he  ex t inc t ion  p o i n t ,  and t h e  l a t t e r  i s  

e s t ima ted  by f o l d i n g  a graph of t h e  curve obta ined  t o  

i n t e r p o l a t e  t h e  s i t e  of the p o i n t  of minimum br igh tness .  

T h i s  i s  equ iva len t  t o  using a simple phase-modulated l i g h t  
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t 1 

technique, The methods t o  be descr ibed i n  t h e  next  s ec t ion  

employ the  same p r i n c i p l e  of comparing i n t e n s i t i e s  on the  

s i d e s  of t h e  e x t i n c t i o n  poin t ,  b u t  they do so much more 

r a p i d l y  and with f a r  g rea t e r  p rec i s ion ,  

0 
I 

From t h e  foregoing,  it follows t h a t  t h e  c o n t r a s t  

a t t a i n a b l e  i n  a given experimental  s i t u a t i o n  i s  c l e a r l y  

l imi t ed  by the  e x t i n c t i o n  f a c t o r  of t h e  a v a i l a b l e  i n -  

strument> e s p e c i a l l y  i n  t he  i n t e r f e r e n c e  microscope. 

most specimens absorb,  s c a t t e r  and depolar ize  some of the  

i n c i d e n t  l i g h t ,  so t h a t  under a c t u a l  measuring condi t ions ,  

t h e  e x t i n c t i o n  f a c t o r ,  and the re fo re  the  contrast-gener- 

a t i n g  e f f i c i e n c y  of a given system i s  reduced even f u r t h e r .  

The maximum a t t a i n a b l e  c o n t r a s t  f o r  a given s e t  of i n s t r u -  

mental condi t ions  i s  t h e  prime f a c t o r  l i m i t i n g  the  abso- 

l u t e  s e n s i t i v i t y  of a measurement with e i t h e r  type of 

microscope. 

Fu r the r ,  

8 

I f  any method of measurement o the r  than the  determin- 

a t i o n  of e x t i n c t i o n  p o i n t s  i s  t o  be used, t h e r e  i s  t h e  

f u r t h e r  d i f f i c u l t y  of separa t ing  t h e  c o n t r a s t  due t o  

r e t a r d a t i o n  from c o n t r a s t  due t o  o the r  o p t i c a l  proper- 

t i e s .  This d i f f i c u l t y  w i l l  be  r e f e r r e d  t o  below a s  the 

l ack  of c o n t r a s t  s p e c i f i c i t y  of a p a r t i c u l a r  microscope 

(e.q. p o l a r i z i n g  microscope) f o r  a p a r t i c u l a r  property 

( i n  t h i s  case ,  phase r e t a r d a t i o n s  due t o  b i r e f r i n g e n c e ) .  

The t i m e  requi red  f o r  a measurement a l s o  p re sen t s  a 

l i m i t a t i o n .  

of a specimen d e t a i l  usual ly  takes  about a minute. Ex- 

posing two photographs from which a measurement w i l l  l a t e r  

A v i s u a l  measurement of t h e  phase r e t a r d a t i o n  



-15- 

, 
I ' be made dens i tome t r i ca l ly  may take less than a minute,  b u t  

a the a d d i t i o n a l  t i m e  required t o  obta in  q u a n t i t a t i v e  d a t a  

from t h e  f i lm  by photographic densitometry may be consid- 

e r a b l e  

S p a t i a l  r e s o l u t i o n  i s  a l i m i t a t i o n  i n  any type of 

microscope. This i s  p a r t i c u l a r l y  t r u e  of i n t e r f e rence  

microscopes which c h a r a c t e r i s t i c a l l y  have low working 

ape r tu re s .  

I t  has been  pointed ou t  e s p e c i a l l y  by Ingelstam (1957)  

and by Ingelstam and Johanssen (1958) ,  t h a t  simultaneous 

high r e s o l u t i o n  and high c o n t r a s t  a r e  incompatible goals .  

Therefore ,  high s e n s i t i v i t y  and high r e so lu t ion  a re  t o  

t h e  same e x t e n t  incompatible,  s i n c e  s e n s i t i v i t y  depends 

on c o n t r a s t .  I n  t h e  po la r i z ing  microscope no t  only i s  

t h e r e  a l o s s  of c o n t r a s t  a t  high working numerical aper- 

t u r e s ,  b u t  an anomaly i n  the d i f f r a c t i o n  image produces 

both  spurious r e s o l u t i o n  and spurious c o n t r a s t  un less  

p o l a r i z a t i o n  r e c t i f i e r s  (Inoue and Hyde, 1957)  a r e  used. 

I t  has  been shown, however, t h a t  t h i s  l i m i t a t i o n  does no t  

apply i n  t h e  u s e  of t he  phase modulated l i g h t  methods t o  

be discussed ( A l l e n  -- e t  a l .  1963).  

/ 

B. THE GENERAL APPROACH OF PHASE-MODULATED LIGHT SCANMNG 

METHODS 

I t  i s  probable t h a t  many microscopis ts  faced with t h e  

problems of making reproducible compensator s e t t i n g s  i n  

i n t e r f e r e n c e  and polar ized  l i g h t  microscopy have d i s -  

covered independently the  advantages of phase-modulation 

techniques.  Experienced microscopis ts  l e a r n  t h a t  a corn- 
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0 U 

pensa tor  can be set  wi th  the  greatest  r e p r o d u c i b i l i t y  

e i t h e r  by us ing  a half-shade device  o r  by tu rn ing  t h e  a 
compensator back and f o r t h  t o  p o s i t i o n s  of equal  b r i g h t -  

ness  and then s e t t i n g  t h e  e x t i n c t i o n  p o i n t  "by f e e l i n g "  

3 

t h e  midpoint between t h e s e  s e t t i n g s  (See Inoue/ and 

Koester ,  1959) e 

The approach of phase modulation techniques i s  t o  make 

t h e s e  b r i g h t n e s s  comparisons n o t  s imultaneously,  b u t  by 

repea ted  comparisons over a per iod  of t i m e .  The r e s u l t  

i s  a method s i m i l a r  t o  mechanical chopping wi th  a r o t a t i n g  

sector o r  a v i b r a t i n g  reed, except  t h a t  i n s t e a d  of making 

direct  photometric comparisons, the r e t a r d a t i o n s  of t h e  

object and t h e  phase modulator a r e  f i r s t  summed and sub- 

t r a c t e d .  The r e s u l t a n t  i n t e n s i t y  modulation i s  used e i t h e r  

t o  measure t h e  phase r e t a r d a t i o n  of t h e  object d i r e c t l y  

as i n  t h e  sp inning  compensator method of Allen and Rebhun 

( 1 9 5 9 ) ,  or i t  may be used a s  a n u l l  d e t e c t o r  as i n  the  

m o r e  r e c e n t  automatic compensation method of Allen,  B r a u l t  

and Moore (1963)  i n  which no moving p a r t s  a r e  used. 

There are numerous advantages i n  phase modulation 

methods. F i r s t ,  t h e  b a s i c  d e t e c t o r  may be used t o  detect 

o r  measure any of s e v e r a l  q u i t e  d i f f e r e n t  o p t i c a l  proper- 

t i e s ,  depending on t h e  arrangement of o p t i c a l  components 

i n  t h e  system. F igure  3 shows s e v e r a l  arrangements t o  be 

desc r ibed  i n  t h e  s e c t i o n  t o  fo l low which permit  the  ob- 

s e r v e r  t o  select  whether t h e  ou tput  of the instrument  

measures b i r e f r i n g e n c e ,  r e f r a c t i o n ,  o p t i c a l  r o t a t i o n ,  or 

dichroism. 
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Second, measurements can be performed wi th  unprecedented 

s e n s i t i v i t y ,  p rec i s ion  and speed i n  very s m a l l  specimen 

areas .  

Third,  t he  r e s i d u a l  e r r o r s  due t o  phys ica l  p r o p e r t i e s  

o the r  than  t h e  one se lec ted  (Cf. Fig. 3)  a r e  very much 

smaller than when image c o n t r a s t  methods a r e  used, 

F i n a l l y ,  with phase modulation methods it i s  poss ib l e  

t o  avoid e n t i r e l y  t h e  u s e  of image c o n t r a s t  methods and 

t h e i r  p i t f a l l s ,  and in s t ead  t o  perform n u l l  po in t  measure- 

ments  such a s  weighted mean phase r e t a r d a t i o n s  i n  s e l ec t ed  

a reas  of the  image. The specimen may be: 

1. placed i n  t h e  pa th  of a microbeam of phase modulated 

l i g h t  f o r  a spot  measurement, 

2 ,  dr iven sys temat ica l ly  over t he  microbeam t o  produce 

a s p a t i a l  scanning r eco rdp  

3. scanned over a se lec ted  a r e a  f o r  a per iod of t i m e  

t o  d e t e c t  changes of t he  specimen with t i m e ,  o r  

4 ,  t h e  same measurement ( s p o t ,  s p a t i a l  o r  temporal)  

may be repeated a t  a s e r i e s  of wavelengths f o r  s p e c t r a l  

scanning, o r  repeated f o r  var ious wavelengths a t  time 

i n t e r v a l s .  
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L 2 ,  THE THEORY AND A P P L I C A T I O N  OF PHASE MODULATION METHODS 

A. THE MEASUREMENT OF PHASE RETARDATIONS DUE TO BIREFRINGENCE 0 
The b a s i c  o p t i c a l  components of t h e  b i r e f r ingence  de- 

t e c t i o n  system (which A l l e n s .  &. 1963 have c a l l e d  the  

BDS) a re :  t h e  l i g h t  source,  a p o l a r i z e r ,  an e l e c t r o -  

o p t i c a l  l i g h t  modulator (EOLM), s t r a i n - f r e e  o p t i c s ,  the  

specimen, an ana lyzer ,  and t h e  photomul t ip l ie r  de t ec to r  

(Fig.  3 ) ,  For convenience a quarter-wave p l a t e  may be 

added t o  the  system b e t w e e n  t h e  specimen and t h e  analyzer.  

The microbeam with which a specimen i s  examined i n  phase 

modulated l i g h t  i s  formed by an ape r tu re  placed c lose  t o  

t h e  f i e l d  diaphragm of a lamp adjus ted  f o r  K6hler i l lum- 

i n a t i o n ,  This ape r tu re  may be imaged d i r e c t l y  i n  the  

specimen plane by an inver ted  ob jec t ive  serv ing  a s  the  

condenser i f  t h e  ape r tu re  i s  placed one tube-length o r  

less  i n  f r o n t  of i t s  shoulder,  

The EOLM i s  a c r y s t a l  of deutera ted  KD*P (potassium 

di-deuterium phosphate) cu t  perpendicular  t o  i t s  o p t i c a l  

a x i s  and mounted so t h a t  i t s  o p t i c a l  a x i s  and t h a t  of t he  

system a r e  c o l i n e a r .  Modulation of the  l i g h t  i n t e n s i t y  

pass ing  t h e  analyzer  i s  accomplished by applying a vol tage  

to t he  pol ished c r y s t a l  faces ,  i, e. p a r a l l e l  t o  t he  o p t i c a l  

a x i s ,  The c r y s t a l  exh ib i t s  an e l ec t r i ca l ly - induced  phase 

r e t a r d a t i o n ,  c a l l e d  the  Pockels e f f e c t ,  which i s  propor- 

t i o n a l  t o  t h e  appl ied vol tage,  ( B i l l i n g s  1949aI 1949b, 

Cavpenter 1950).  If the  induced c r y s t a l l i n e  axes of t h e  

EOLM a r e  o r i en ted  a t  45 degrees from the  plane of p o l a r i -  

z a t i o n ,  t he  l i g h t  i n t e n s i t y  ( I )  passing the  analyzer  follows 
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4 
* the r e l a t i o n  f o r  any uniax ia l  c r y s t a l  a t  t h a t  o r i e n t a t i o n .  

I = Ip s i n  2 A  
CI 

................ (11) 
L 

where A i s  t h e  phase r e t a rda t ion  ( i n  radians:  see Equation 4 )  

and Ip i s  the  i n t e n s i t y  passing p a r a l l e l  po la r s .  

One func t ion  of t h e  EOLM i s  t o  in t roduce  p o s i t i v e  and 

negat ive phase r e t a rda t ions  i n  response t o  square-wave 

vol tage  modulation appl ied t o  it. The photomul t ip l ie r  

does no t  respond t o  these  phase s h i f t s  per s e ,  b u t  t o  

changes i n  l i g h t  i n t e n s i t y  passing the  analyzer .  A s  shown 

i n  Figure 4 ,  t he  c r y s t a l  axes of t he  EOLM a r e  interchanged 

during t h e  p o s i t i v e  and negative phases of the  vol tage 

c y c l e ,  so t h a t  t h e  corresponding phase changes a r e  of 

oppos i te  s ign.  Since t h e  AC vo l t age  modulation i s  sym- 

m e t r i c a l  about zero ,  t he  output of t he  photomul t ip l ie r  

i s  r e c t i f i e d  square-waves of photocurrent.  

When a b i r e f r i n g e n t  specimen i s  introduced i n t o  the  

l i g h t  pa th  wi th  i t s  axes p a r a l l e l  t o  t h e  axes of i n -  

duced phase r e t a r d a t i o n  i n  t he  EOLM ( 4 5 O  from the  plane 

of t h e  p o l a r i z e r ) ,  t h e  modulator and o b j e c t  r e t a r d a t i o n s  

(4 m ,  kl 0 )  add during one phase of t he  vol tage  cycle  

(equat ion 1 2 )  and s u b t r a c t  during the  oppos i te  phase 

(equat ion 13)  : 

I~ = I~ s i n 2  A m +  A o 
2 ................ ( 1 2 )  

12 = s i n 2  - A m +  Ao 
2 ................( 1 3 )  

The change i n  i n t e n s i t y A 1  i n  t h e  opposi te  phases of the  

AC cycle  occurs a t  t h e  fundamental frequency t o  which t h e  

lock-in ampl i f i e r  i s  s e n s i t i v e  (3Kc i n  t he  case of t h e  
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* 
* inst rument  descr ibed  i n  Sec t ion  3 ) .  

That change i s  given by 

A I  = 11 - 12 = s i n 2  (Am ,+A.o) - s i n  2 ( - A m  + & )  
2 2 

- - I p  s i n A m  sindo ..... ............. ..... ....- (1 4) 
and could be used d i r e c t l y  a s  a measure of t h e  r e t a r d -  

a t i o n ,  due t o  t h e  specimen b u t  t h e r e  would be chances f o r  

error i f  v a r i a t i o n s  occurred i n  source i n t e n s i t y ,  am- 

p l i f i e r  g a i n ,  o r  photomul t ip l ie r  e f f i c i e n c y .  However, 

t h e s e  d i f f i c u l t i e s  are almost e n t i r e l y  avoided by making 

t h e  system a nul l - sens ing  device.  This  i s  done by us ing  

t h e  EOLM as an automatic compensator i n  a se rvo  loop. A s  

F igu re  4 shows, t h e  change i n  i n t e n s i t y  (equat ion 14)  

produces an asymmetrical photocurrent  wave a t  t h e  funda- 

mental  frequency of the  lock-in ampl i f i e r .  The lock-in 

a m p l i f i e r  responds with a D. C. vo l tage :  t h i s  i s  ampli- 

f i e d  and re turned  t o  t h e  EOLM as nega t ive  feedback t o  

restore t h e  n e t  r e t a r d a t i o n  almost t o  n u l l .  The error 

depends on t h e  e x t e n t  t o  which t h e  r e t a r t f a t ion  due t o  

t h e  specimen i s  n o t  cancelled, and t h e r e f o r e  on t h e  locp 

gain .  The instrument  i s  designed t o  maintain t h e  ga in  i n  

the se rvo  loop a t  100 ,  s o  t h a t  t h e  error w i l l  be 1% ( t h e  

r e c i p r o c a l  of t h e  loop g a i n ) .  This  i s  accomplished by a 

second feedback loop designed t o  maintain t h e  photomulti- 

p l i e r  anode vo l t age  a t  such a va lue  t h a t  t h e  photocurren t  

w i l l  r ema in  cons tan t .  A n  e r r o r  g r e a t e r  than 1% c a n  occur 

o n l y  i f  t h e  l i g h t  i n t e n s i t y  f a l l s  so l o w  t h a t  t h e  gain- 

c o n t r o l  loop cannot maintain t h e  servo  loop ga in  a t  100. 
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r * 
(In the present instrument, a test-voltage can be injected 

any time to measure the l o o p  gain directly, so that any ‘ 0  
I necessary corrections may be applied.) 

The net effect of the automatic compensator retardation 

(AC) is to return the net retardation to within 1% of null, 

and therefore restore the intensity modulation signals to 

near equality (Figure 4). 
* 

AI = I, sindm sin (4, +Ac) ...................( 15) 
At null,AI = 0 ,  and thereforebc = - L O .  

The advantages of measurements made with the EOLM under 

the null condition with modulated light are: (a) the com- 

pensator scale is linear, (b) the measured value is inde- 

pendent of changes in source brightness, modulation voltage, 

amplifier gain, and photomultiplier efficiency , and (c) 

the measurements are also insensitive to moderate amounts 

of stray light, either from the instrument or from light- 

scattering by the specimen. 

The BDS is first used to identify the crystalline axes 

of the specimen, or some selected detail thereof, by find- 

ing the angular position (called the null angle) at which 

the reading for the specimen equals that of the background. 

The retardation due to the specimen is then measured by 

turning the specimen stage 45O to the position where the 

maximum retardation may be read from the meter, recorder, 

or oscilloscope. The sign of the birefringence is given 

directly by the sign of the voltage if the long axis of 

the object is oriented at +4S0 from the plane of the 

polarizer. (The polarity of the instrument should be 
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8 + v e r i f i e d  once wi th  a compensator, t h e  axes of which have 

been  checked by in t e r f e rence  c o l o r s  and marked.) a 
Cer ta in  precaut ions  should be taken i n  the  measure- 

ments themselves and i n  the  i n t e r p r e t a t i o n  of t h e m .  

a, I t  i s  important  to remove as many sources  of 

s t r a y  phase r e t a r d a t i o n s  as p o s s i b l e ,  and t o  o r i e n t  

l e n s e s  w i t h  s t r a in -b i r e f r ingence  p a r a l l e l  t o  the 

c r y s t a l l i n e  axes of the EOLM. The "mirror-compensator" 

should be ad jus t ed  t o  compensate fo r  phase s h i f t s  due t o  

mirrors  and lenses .  I f  t h i s  i s  no t  done, the BDS may 

respond t o  r o t a t i o n  of the ana lyzer  and t o  o p t i c a l  rota- 

t i o n  i n  the specimen. 

b, I t  i s  p o s s i b l e  t o  e r r  i n  determining the or ien-  

t a t i o n  of the c y r s t a l l i n e  axes of s t rong ly  r o t a t o r y  

c r y s t a l s  ( a  s i t u a t i o n  probably never encountered i n  b i e  

logical  mater ia l ) .  The usual  procedure i s  t o  ro ta te  t h e  

specimen u n t i l  the n u l l  a n q l e  i s  reached: t h i s  i s  def ined  

a s  the o r i e n t a t i o n  a t  which the  specimen and background 

read the  same va lue  - zero i f  the  instrument  i s  properly 

ad jus t ed  and the conta iner  i s  f ree  f r o m  s t r a i n  b i r e f r ingence .  

The maximum r e t a r d a t i o n  reading of the BDS,  w h i c h  i n  non- 

x g t a t o r y  specimens i s  found a t  45 from the n u l l  angle ,  w i l l  

n o t  be found a t  e x a c t l y  45O i n  r o t a t o r y  specimens. However, 

the va lue  a t  t h e  45O s e t t i n g  w i l l  n o t  be i n  e r ror  by more 

0 

than  1% i f  the c r y s t a l  r o t a t e s  the p lane  of p o l a r i z a t i o n  

by  less than 4O. I n  the l a t t e r  case, a double lock-in 

system f o r  d e t e c t i n g  o p t i c a l  r o t a t i o n  i n  the  presence of 

b i r e f r i n g e n c e  can be u s e d  (Sec t ion  11. C). I n  t h i s  c a s e ,  
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. 
however, a v a l i d  es t imate  of t h e  r e t a r d a t i o n  due t o  the  

specimen can be o ta ined  only by turn ing  t h e  analyzer  so 

a s  t o  n u l l  t he  s i g n a l  i n  the r o t a t i o n  channel,  s ince  t h e  

phase r e t a r d a t i o n  channel i s  i n s e n s i t i v e  t o  t h e  compen- 

s a t i n g  r o t a t i o n  which i s  introduced by t h e  r o t a t i o n  servo 

be fo re  t h e  second EOLM (for t h e  phase r e t a r d a t i o n  channel) .  

c. I t  can be shown t h a t  l i n e a r  dichroism has no e f f e c t  

e i t h e r  on t h e  determination of c r y s t a l l i n e  axes or  on the  

measured r e t a r d a t i o n  a t  45' o f f  t h e  n u l l  angle ,  provided 

t h e  phase r e t a r d a t i o n  and d i ch ro ic  axes coincide,  

d. C i r cu la r  dichroism ( t h e  d i f f e r e n t i a l  absorpt ion 

of r i g h t  and l e f t  c i r c u l a r l y  po la r i zed  l i g h t )  would be 

r e g i s t e r e d  a s  a phase r e t a rda t ion  independently of 

specimen o r i en ta t ion .  I t  appears doubt fu l  t h a t  t h i s  

e f f e c t  would be de tec ted  i n  specimens of microscopical 

dimensions,  with the  possible  exception of c r y s t a l s .  

e ,  I t  must be borne i n  mind dur ing  the  i n t e r p r e t a t i o n  

of microbeam scanning da ta  t h a t  t h e r e  may be unresolved 

microdomains con t r ibu t ing  i n  d i f f e r e n t  ways t o  the  f i n a l  

measurement, I f  t hese  microdomains a r e  weakly b i r e f r i n -  

gen t  and a r e  o r i en ted  p a r a l l e l  t o  one another b u t  d i f f e r  

i n  r e t a r d a t i o n  (g.q. a m y o f i b r i l ) ,  t he  f i n a l  measurement 

w i l l  be a mean r e t a rda t ion  weighted by the  a reas .  I f  

t h e  microdomains are highly b i r e f r i n g e n t  and randomly 

o r i e n t e d  wi th in  the  a rea  of t he  microbeam, it might be 

erroneously concluded t h a t  t h e  specimen was i s o t r o p i c ,  

I t  i s  t h e r e f o r e  d e s i r a b l e  t o  scan with the  sma l l e s t  spots  

over  a reas  of p a r t i c u l a r  i n t e r e s t ,  I f  t he  microdomains 
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are preferentially oriented, as seems probable in many 

instances, there is no way in which to analyze them in 

an exact manner in the absence of additional information 

,. 
on the statistics either of the orientations or retarda- 

tioq. of the constituent microdomains, If some micro- 

domains are overlaid by absorbing bodies, their retard- 

ations will not receive proper weighing by area as is 

usually the case. 

This list of possible measurement and interpretation 

errors is not different from that which could be made for 

any method of polarized light microscopy. The reason for 

including it here is that the gains in sensitivity and 

precision obtained with methods based on phase modu1,aafed 

light may lure investigators into placing excessive con- 

fidence in the intrinsic accuracy of measured numbers. 

With conventional polarizing microscopes, measurement errors 

are sufficiently great that second-order-effect errors need 

not be considered. 

B. THE, MEASUREMENT O F  OPTICAL ROTATION 

The components of the 'birefringence detection system' 

BDS) will respond to rotation of the analyzer, and there- 

fore to optical rotation in specimens, if the EOLM is 

followed immediately by a quarter-wave plate with its 

crystalline axes parallel to the polarizer transmission 

plane. In this arrangement, which will be referred to 

as the 'optical rotation detection system' ( O R D S ) ,  the 

EOLM - quarter-wave plate combination acts to swing the 
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plane of p o l a r i z a t i o n  around the  zero s e t t i n g  of t he  polar- 

i z e r  when p o s i t i v e  and negative phase s h i f t s  a r e  induced 

by the  AC vo l t age  modulation t o  the  EOLM. (See a l s o  Takasaki,  

1961a, 1961b, 1962).  The l i g h t  i n t e n s i t y  passing the  analy- 

z e r  v a r i e s  with the  angle (€I) of t h e  analyzer  f r o m  t h e  

e x t i n c t i o n  p o s i t i o n  by a sine-square r e l a t i o n s h i p  s i m i l a r  

t o  t h a t  given i n  equation 1 f o r  phase r e t a r d a t i o n s :  

I = Io s i n 2  8 ...... .... ........... (16) 

I n  any polar imeter  based on v i b r a t i o n  of t h e  plane of 

p o l a r i z a t i o n  (g.9. Takasaki 1961, Cary e t  a l .  1964, and 

o t h e r s ) ,  the  r o t a t i o n s  of the  modulator and sample simply 

add and s u b t r a c t  exac t ly  a s  i n  the  case of phase r e t a rd -  

a t i o n s ,  and the  modulation p a t t e r n s  and compensator func t ion  

a r e  analogous t o  those shown i n  Figure 4.  The lock-in 

ampl i f i e r  responds i n  t h e  same way a s  f o r  phase r e t a r d a t i o n  

measurements ,  except t h a t  the phase s h i f t s  induced i n  t he  

EOLM a r e  analyzed by the quarter-wave p l a t e  analyzer  com- 

b i n a t i o n  i n t o  o p t i c a l  ro t a t ion .  Thus the  EOLM i n  t h i s  

ca se  a c t s  a s  a compensator f o r  r o t a t i o n .  This i s  o p t i c a l l y  

equiva len t  t o  r o t a t i n g  the  ana lyzer ,  and has t h e  advantage 

t h a t  e l e c t r i c a l  measurements a r e  the  more accura te  and 

rap id .  

With t h i s  simple arrangement it i s  poss ib l e  t o  make 

measurements of o p t i c a l  r o t a t i o n  on extremely small  samples 

of f l u i d s  under t h e  microscope, provided t h a t  the  r o t a t i o n  

due t o  t h e  conta iner  ( t h e  u s e  of a chamber made of t w o  f l a t ,  

p l ane -pa ra l l e l  s t r a i n - f r e e  cover g l a s s e s  i s  recommended) 

i s  subt rac ted  from t h a t  due t o  the  con ta ine r  toge ther  with 
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1 

the  sample. S i n c e  the  normal path length  through m i c r o -  

scopic  o b j e c t s  i s  of the  order of 100 r a t h e r  than the 

10 c m  pa th  i n  a polar imeter  cuve t t e ,  a po la r ime t r i c  

measurement of a microscopic sample must be 1000 t i m e s  

m o r e  s e n s i t i v e .  T h e  smal les t  roka t ions  t h a t  can be de- 

tected w i t h  the ORDS a r e  of the order  of degree.  

I t  would thus appear poss ib le  t o  make a t  l e a s t  some 

crude measurements of o p t i c a l  r o t a t i o n  i n  very small  

samples of s o l u t i o n s  w i t h  t h i s  method. 

a 

C. OPTICAL ROTATION I N  THE PRESENCE OF BIREFRINGENCE 

T o  the p resen t  t ime, the measurement of o p t i c a l  ro ta -  

t i o n  has not  been poss ib l e  i n  b i r e f r i n g e n t  specimens far 

two reasons.  F i r s t ,  b i re f r ingence  i s  a much s t ronger  

source of c o n t r a s t  t h a n  o p t i c a l  r o t a t i o n .  Second, the 

presence of phase r e t a rda t ions  due t o  b i r e f r ingence  i n t r o -  

duces a spurious r o t a t i o n  which cannot e a s i l y  be d i f f e r -  

e n t i a t e d  f r o m  the  r o t a t i o n  i n t r i n s i c  t o  the molecular 

asymmetry of the specimen. 

The reason why the presence of b i r e f r ingence  compli- 

c a t e s  r o t a t i o n  measurements can be seen by consider ing 

the plane po la r i zed  l i g h t  i nc iden t  on a b i r e f r i n g e i t  

object t h a t  produces a phase r e t a r d a t i o n  d. 
f a s t  c r y s t a l l i n e  a x i s  a t  an angle @ from t h e  plane of 

p o l a r i z a t i o n .  The emerging l i g h t  i s  no t  only e l l i p t i -  

c a l l y  po la r i zed ,  b u t  the d i r e c t i o n  of the major a x i s  of 

the e l l i p s e  has been rotated.  I f  t he  r e t a r d a t i o n  i s  small ,  

the r o t a t i o n  ( B )  of t he  major a x i s  of the e l l i p s e  is 

and has i t s  
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given by: 

B =  a sin 4 .......-............( 17) 
2 

At any given orientation, such a phase retarding bire- 

refringent object is optically equivalent to, and there- 

fore indistinguishable from, a retarding object at 45 

followed or preceded a pure rotator, such as an opti- 

cally active solution, The rotation which accompanies 

the birefringent object is spurious and can be eliminated 

by making use of its known angular dependence, The ellip- 

ticity introduced by such a plate is of the form 

0 

E = Asine 2 0 18) 

Therefore, by rotating the object to such an angle that 

the ellipticity vanishes, the spurious rotqtion is also 

removed, and the true rotation of the specimen can be 

measured. 

Measurements of optical rotation in birefringent speci- 

mens must be carried o u t  using two lock-in amplifiers, each 

coupled to its own modulator. The first modulator ( E O M  No.1) 

is followed by a quarter-wave plate and serves to swing 

the plane of polarization over an angle of 2 20 degrees 

from the extinction point at the rate of 30 c,p.s.; this 

modulator serves also as a rotation compensator for the 

ORDS. The second modulator (EOLM No. 2 )  is driven at 

3 k.c.s. as a normal phase-modulator and automatic com- 

pensator of the BDS. Except for reciprocal contributions 

of noise, the two channels (the ORDS and BDS) operate in- 

dependently to detect rotation and phase-retardation 



-28- 

. 
r e spec t ive ly .  

a I n  the  s imples t  case of a b i r e f r i n g e n t  conta iner  with 

an o p t i c a l l y  a c t i v e  so lu t ion ,  the  proper method t o  measure 

r o t a t i o n  would be  t o  r o t a t e  t he  conta iner  on the  s t a g e ,  

no t ing  t h a t  t he  r o t a t i o n  channel records four  maxima a t  

angles  midway between t h e  pos i t i ons  a t  which the  c r y s t a l -  

l i n e  axes a r e  e i t h e r  p a r a l l e l  or diagonal  t o  the p o l a r i z e r .  

I f  t h e  s t a g e  i s  s e t  i n  the  p o s i t i o n  a t  which the  readings 

f o r  phase r e t a r d a t i o n  of t h e  o b j e c t  and the background 

a r e  the  same, t h e  r o t a t i o n  chennel w i l l  read t h e  c o r r e c t  

o p t i c a l  r o t a t i o n ,  provided s t r a i n  b i r e f r ingence  f r o m  t h e  

cover-glasses has  not  entered i n t o  the  measurement. S i n c e  

these  s t r a i n s  t e n d  n o t  t o  be h ighly  l o c a l i z e d ,  a check 

a g a i n s t  t h i s  p o s s i b i l i t y  i s  e a s i l y  made by repea t ing  the  

measurement on a few neighboring background areas .  

I t  i s  a l s o  poss ib l e  t h a t  t h e  r o t a t o r  may be al igned.  

I n  t h i s  case the  h e l i c e s  or p a r t i a l  h e l i c e s  which may be 

considered t o  be causing r o t a t i o n  may be o r i en ted  p a r a l l e l  

t o  the  l i g h t  beam, perpendicular t o  i t ,  or a t  some i n t e r -  

mediate angle.  I t  should be borne i n  mind t h a t  t h e  

r o t a t i o n  w i l l  be s t ronges t  i f  t he  l i g h t  i s  p a r a l l e l  t o  

t h e  h e l i c a l  ax is .  

I t  i s  poss ib l e  t o  measure r o t a t i o n  no t  only a t  the 

n u l l  angle b u t  a l s o  a t  4 5 O  f r o m  n u l l .  This s e t t i n g  may 

be of some in t e re s t  i n  biology,  s i n c e  it renders  poss ib l e  

t h e  simultaneous measurement of changes of b i r e f r ingence  

and r o t a t i o n .  

Opt ica l  r o t a t o r y  d ispers ion  (ORD) measurements a r e  a l s o  
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poss ib l e  i n  p r i n c i p l e ,  b u t  it seems doubt fu l  a t  p re sen t  

whetMr s u f f i c i e n t l y  accurate  measurements could be ob- 

t a ined  f o r  d i spe r s ion  curves on t h i n  microscopic ob jec t s .  

0 

I f  such measurements a r e  t o  be attempted, they should be 

made with the  b r i g h t e s t  ava i l ab le  l i g h t  source a t  s eve ra l  

wavelengths f o r  which in t e r f e rence  f i l t e r s  a r e  availabl+e, 

o r  be t te r  s t i l l  with a monochromator (see D j e r a s s i ,  1960, 

€or a d iscuss ion  of ORD methods). The EOLM phase r e t a rd -  

a t i o n ,  measured i n  gngstroms per  v o l t  of appl ied  p o t e n t i a l  

d i f f e r e n c e  i s  i n v a r i a n t  with wavelength, b u t  t he  angular 

phase s h i f t s  and t h e i r  r o t a t o r y  equiva len ts  do vary. The 

t r u e  r o t a t i o n  a t  some a r b i t r a r y  wavelengthX w i l l  equal  

t h e  observed r o t a t i o n  mul t ip l ied  by 5 4 6 / ~  , s i n c e  t h e  

c a l i b r a t i o n  of the  instrument was c a r r i e d  o u t  f o r  the  

mecury green l i n e .  

I f  t h e  f a s t e r  ( 3  k-c.) b i re f r ingence  channel i s  used 

f o r  es t imat ing  r o t a t i o n  the following formula t o  con- 

v e r t  Angstroms t o  degrees i s  a s  follows: 
0 

Rotation angle i n  degrees = r in, anqqtranrjX180O 
i n  angstroms 

I t  should be apparent  from the  foregoing t h a t  any 

method which responds t o  ahalyzer r o t a t i o n  should respcnd 

t o  the  r o t a t i o n  of a d ichro ic  specimen on the  ob jec t  s t age  

w i t h  the  analyzer  removed (Cf. Fig.  3 ) .  I n  po in t  of f a c t ,  

however, t h e  arrangement shown i n  Figure 3 i s  more con- 

v e n i e n t  a s  a d e t e c t o r  of dichroism than a s  a measurement 

method. I t  i s  poss ib l e  t o  d e t e c t  a d i f f e r e n c e  i n  absorp- 

t i o n  of one p a r t  i n  a thousand or  l e s s .  Dichroic r a t i o s  can 
b e  more conveniently measured by a double-beam phase mdu- 
l a t i o n  method t o  be described i n  a subsequent paper. 
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D. THE MEASUREMENT O F  PHASE RETARDATIONS DUE TO REFRACTION 

WITH A POLARIZING INTERFERENCE MICROSCOPE 

I n  Sec t ion  I it was pointed ou t  t h a t  phase r e t a r d a t i o n s  

i n  p o l a r i z i n g  and po la r i z ing  i n t e r f e r e n c e  microscopes are 

phys ica l ly  s i m i l a r  and therefore  may be measured with 

b a s i c a l l y  t h e  same image c o n t r a s t  and phase modulation 

methods. 

I n  i n t e r f e r e n c e  microscopy t h e  range of phase r e t a r d -  

a t i o n s  encountered i n  b io log ica l  m a t e r i a l  (sag. t i s s u e  

c u l t u r e  ce l l s  o r  protozoans) i s  a t  l e a s t  twice (and o f t e n  

s e v e r a l  t i m e s )  a s  l a r g e  as t h e  range of phase r e t a r d a t i o n s  

due t o  b i r e f r ingence  found i n  p o l a r i z a t i o n  microscopic 

examination of t he  same mater ia l .  

Retardat ions g r e a t e r  than one wavelength a r e  best  

measured i n  white l i g h t  using a recognizable  i n t e r f e r e n c e  

c o l o r  f o r  r e fe rence  i n  order t o  avoid e r r o r s  due t o  choos- 

i n g  t h e  wrong f r i n g e  f o r  s e t t i n g  the  e x t i n c t i o n  po in t  

(CF. Bennett  1950, P i l l e r  1962, Gahm 1962, 1963, and 

Krug et. &. 1961).  The most u s e f u l  compensators f o r  

r e t a r d a t i o n s  g r e a t e r  than one wavelength a r e  bhe':Ehring- 

haus 6nd Soleil-Babi.net p l a t e s ,  Retardat ions of less than 

one wavelength a r e  m o s t  conveniently measured with t h e  

de  Sgnarmont method, 

so  accu ra t e ly  a s  wi th  a Kahler r o t a t i n g  mica p l a t e .  

although t h e  analyzer  cannot be s e t  

The BDS descr ibed i n  d e t a i l  i n  Sec t ion  11. 1 (See a l s o  

A l l e n  e t  a l .  1963) can  be appl ied  t o  i n t e r f e r e n c e  micro- 

scopy without  any major modif icat ions,  beyond rep lac ing  

t h e  s t r a i n - f r e e  objec t ives  with i n t e r f e r e n c e  op t i c s .  One 
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necessary modi f ica t ion  i s  t h a t  t he  a p e r t u r e  fo r  t h e  meas- 

us ing  microbeam must be imaged i n  the  p lane  of whatever 0 
f i e l d  s t o p  i s  normally imaged i n  t h e  specimen plane.  Thus 

i n  t h e  Z e i s s  i n t e r f e r e n c e  system, a l e n s  must be i n s e r t e d  

i n  p o s i t i o n  16  i n  Figure 5 i n  order  t o  image t h e  a p e r t u r e  

i n  t h e  p lane  of t h e  f r o n t  diaphragm ( 2 0  i n  Figure 5 ) .  

Dyson (1963) has  r ecen t ly  r epor t ed  t h e  use of phase 

modulated l i g h t  and a phase-sensi t ive d e c t e c t o r  as a 

nu l l -de t ec t ing  a id  i n  s e t t i n g  t h e  ana lyzer  i n  s p o t  meas- 

urements w i th  a p o l a r i z i n g  i n t e r f e r e n c e  microscope. From 

our  experience it seems l i k e l y  t h a t  t h e  p r e c i s i o n  of t h e  

n u l l  s e t t i n g  would be considerably g r e a t e r  than t h a t  of 

the ana lyzer  reading.  For t h i s  reason ,  t h e  use of t h e  

EOLM as an automatic compensator i s  a t t r a c t i v e  f o r  i t s  

p r e c i s i o n  as w e l l  a s  i t s  speed and convenience. 

The major l i m i t a t i o n  of the BDS as app l i ed  t o  i n t e r -  

f e rence  microscopy i s  i t s  range, normally >/4. This  

range may be doubled by p lac ing  t w o  EOLMs i n  series 

sepa ra t ed  by a half-wave p l a t e  w i th  i t s  c r y s t a l l i n e  axes 

p a r a l l e l  t o  t h e  o r i g i n a l  plane of p o l a r i z a t i o n .  This  

-arrangement n o t  only doubles t h e  range ( t o  > / 2 ) ,  b u t  
* 

e l i m i n a t e s  m o s t  of  t h e  noise  due t o  f l u c t u a t i o n s  i n  t h e  

s p a t i a l  p o s i t i o n  of t h e  l i g h t  source1. The d e f l e c t i o n  

I f  t h e  EOLM i s  made from a b i r e f r i n g e n t  c r y s t a l  (e.q.,KOP, 

KDP, ADP, etc . )  no i se  w i l l  r e s u l t  from any motion of t h e  

l i g h t  source,  EOLM, or photomul t ip l ie r .  I f  two EOLMS are 

used wi th  a +2 p l a t e  between them, noise  s i g n a l s  due t o  
motion of t h e  l i g h t  source are of oppos i te  s ign  i n  t h e  t w o  
modulators and t h e r e f o r e  a r e  reduced. 
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' s e n s i t i v i t y  i s ,  of course,  halved, and t h e  BDS must then 

0 be r e c a l i b r a t e d ,  (Sect ion 3C) . 
The BDS i s  m o s t  u se fu l  for  scanning measurements on 

smal l -objec ts  with phase r e t a rda t ions  considerable  smaller  

than h/2, The m a x i m u m  e r r o r  i n  the phase r e t a r d a t i o n s  

measurement i t s e l f  i s  the  servo e r r o r  (1%) u n t i l  t h e  s c a l e  

i s  expanded t o  t h e  po in t  t h a t  photon noise  o r  no ise  due 

t o  l i g h t  source wandering ( e s p e c i a l l y  wi th  mercury arc 

sources)  becomes evident .  The noise  depends, a s  i n  bire- 

f r ingence  measurements, on t h e  microbeam diameter and t i m e  

cons t an t ,  b u t  i s  lower by a f a c t o r  of 10-100 than t h e  un- 

c e r t a i n t y  i n  compensator s e t t i n g  by conventional c o n t r a s t  

methods. 

system ( o r  3 . 2 ~  i n  a lOOX system) and a t i m e  cons tan t  of 

With a spo t  8 p i n  diameter i n  a 4 0 X  l e n s  

one second, t h e  no i se  l eve l  wi th  a condenser numerical  

ape r tu re  of 0.3 w a s  0.1 A o r  s.9. 3 / 5 0 , 0 0 0 .  

The BDS can a l s o  be used t o  improve t h e  p rec i s ion  of 

measurements of r e t a r d a t i o n s  i n  excess of a h a l f  o r  even 

s e v e r a l  f u l l  wavelengths by using it t o  se t  t h e  e x t i n c t i o n  

p o i n t  with a s u i t a b l e  manually operated compensator, once 

t h e  f r i n g e  of t h e  proper order has been i d e n t i f i e d  with 

heterochromatic  l i g h t .  While the  p rec i s ion  wi th  which 

t h e  e x t i n c t i o n  p o s i t i o n  i s  se t  may be r/50,000 o r  b e t t e r ,  

t h e  compensator probably cannot be read t o  bet ter  than 

>/1800. 

The usefu lness  of t he  BDS f o r  i n t e r f e r e n c e  microscopy 

w i l l  be g r e a t l y  increased when modulators with a g r e a t e r  

range become ava i lab le .  
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The uses  of t h e  i n t e r f e r e n c e  microscope 

many, and it may be hoped t h a t  t he  g r e a t l y  

s e n s i t i v i t y  and p r e c i s i o n  o f fe red  by phase 

techniques w i l l  provide many o p p o r t u n i t i e s  

and cytochemistry i n  p a r t i c u l a r ,  where t h e  

are a l ready  

improved 

modulation 

i n  cytology 

i n t e r f e r e n c e  

microscope has  a l r eady  permit ted a number of s i g n i f i c a n t  

advances bo th  i n  technique and knowledge gained. 

Barer 1952, 1953, 1956,1957; Barer and Dick 1955; Barer 

and Joseph,  1954, 1955; David 1964; Dayies 1958; Davies 

and Wilkins 1952; Dyson 1957; Franson 1961; G a h m  1962, 

1963; H a l e  1958, 1960; H o r n  1958; Huxley 1952; Inge l -  

stam 1957; Ingels tam and Johansson 1958; Krug e t  a l .  

1961; Pehland and Hager 1959; P i l l e r  1962; Smith 1955,) 

( C f .  

I t  i s  perhaps worth reviewing and commenting on t h e  

types  of measurements and a p p l i c a t i o n s  now p o s s i b l e  wi th  

t h e  i n t e r f e r e n c e  microscope t o  see what p o s s i b l e  advan- 

tage may be gained through t h e  g r e a t l y  enhanced s e n s i t i -  

v i t y  of phase modulation methods. 

1. The r e f r a c t i v e  index of a specimen (no) can be 

measured if i t s  th ickness  ( t)  and t h e  r e f r a c t i v e  index 

of t h e  surrounding medium (n,) are known: 

no = r + nm .......................*.( 19) 
t 

2, The r e f r a c t i v e  index of t h e  specimen can be m e a s -  

u red  independent ly  of i t s  th ickness  i f  measurements a r e  

repea ted  wi th  t w o  media of d i f f e r e n t  r e f r a c t i v e  index 

no = nmI. - nm2 + nm2 0 0 0 . .  . . . 0 0 . .  0 0 0 (20) 

3. i f  t h e  r e f r a c t i v e  i n d i c e s  
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of t h e  object and medium a r e  known by so lv ing  f o r  (t) i n  

equat ion (19) . 
4, I f  t h e  r e f r a c t i v e  index of a c e l l  o r  one i f  i t s  

p a r t s  i s  known, t h e  d ry  organic  ma t t e r  concent ra t ion  

(W/V) (C)  can be es t imated  from t h e  f a c t  that  t h e  s p e c i f i c  

r e f r a c t i v e  increment (6 ) of the macromolecules and s m a l l  

o rganic  molecules m o s t  p reva len t  i n  l i v i n g  m a t e r i a l  i s  

approximately 0.00185 (Davies 1960).  

c = no - nw - - " 0  - nH>O 
c& x 100 0.185 ............,....( 21)  

5. The d ry  organic  m a s s  i n  grams of a s i n g l e  c e l l  or 

even of a s i n g l e  i n c l u s i o n  i n  w a t e r  may be est imated from 

a weighted mean r e t a r d a t i o n  measurement ( r ) and a p l an i -  

m e t r i c  de te rmina t ion  of t h e  area ( A )  over which t h i s  mean 

w a s  measured. 
- 

M =  F A  = F A  
x 100 0.185 .................( 2 2 )  

According t o  David (1964),  c o n t r a s t  methods of i n t e r -  

f e rence  microscopy permit  the e s t ima t ion  of d ry  m a s s  i n  

objects conta in ing  as l i t t l e  a s  10-15g of s o l i d s .  Phase 

modulation methods should improve t h i s  f i g u r e  by a t  l ea s t  

one o rde r  of magnitude. 

I f  t h e  va lue  of fl can be obtained f o r  t w o  media of 

d i f f e r e n t  r e f r a c t i v e  index, o r  i f  t h e  d i s p e r s i o n  of t h e  

specimen and medium d i f f e r  o r  can be d i f f e r e n t i a l l y  

a f f e c t e d  by temperature ( C f .  Pehland and Hager 1959) ,  it 

i s  phep p o s s i b l e  i n  p r i n c i p l e  t@ ,as t imate  r e f r a c t i v e  

i n d i c e s ,  t h i ckness ,  d ry  mass volume, and w e t  weight ,  a l l  

w i thou t  having t o  immerse o b j e c t s  success ive ly  i n  t w o  media 
( H a l e  1958).  
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1 Phase-modulation methods now o f f e r  f o r  t h e  f i r s t  t i m e  

ample s e n s i t i v i t y  and p rec i s ion  f o r  t e s t i n g  the  l i m i t s  

of i n t e r f e r e n c e  microscopy as a q u a n t i t a t i v e  technique. 

The f a c t  t h a t  t h e  output  value i s  a weiqhted mean phase 

r e t a r d a t i o n  should be of considerable  advantage i n  dry  

mass determinat ions,  f o r  t h i s  i s  exac t ly  what t h e  theory 

of t h e  method cal ls  f o r .  

I t  should a l s o  be pointed ou t  t h a t  measurements with 

any i n t e r f e r e n c e  microscopes a r e  s u b j e c t  t o  c e r t a i n  sys- 

tematic  e r r o r s .  These do no t  appear p a r t i c u l a r l y  s i g n i f i -  

c a n t  i n  conventional methods which a r e  l i m i t e d  by s t r a y  

l i g h t  no ise  a t  t h e  l e v e l  of VlOO t o  ))(500. S m a l l  

systematic  e r r o r s  become a t  once m o r e  s i g n i f i c a n t  i f  

t h e  s e n s i t i v i t y  of measurements i s  increased by 10-100 

t i m e s  . 
The most s e r i o u s  systematic e r r o r  i s  r e a l l y  one of 

i n t e r p r e t a t i o n ,  and i t  r e s u l t s  from t h e  f a c t  t h a t  l i g h t  

waves e n t e r i n g  a specipen a t  d i f f e r e n t  angles  t o  the  

o p t i c a l  a x i s  of t h e  microscope t r a v e l  d i f f e r e n t  o p t i c a l  

pa ths  i n  t h e  specimen, depending on t h e  shape of t h e  

specimen. The e r r o r  i s  g r e a t e s t ,  f o r  example, with a 

f l a t  specimen and l e a s t  with a s p h e r i c a l  one. The f l a t  

specimen w i l l  r e g i s t e r  a higher phase r e t a r d a t i o n  a s  

t h e  i r i s  diaphragm of t h e  condenser i s  opened. The 

e r r o r  may amount t o  a s  much as  10-15 %. 

The most s e r ious  p o t e n t i a l  source of random e r r o r  

i s  probably contamination of t h e  re ference  beam area.  

This  i s  important t o  consider i n  measurements with 
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phase-modulated l i g h t ,  s ince p a r t i c l e s  too  small  t o  be 

s e a  can int roduce phase r e t a r d a t i o n s  and the re fo re  

e r r o r s .  I t  i s  best ,  therefore ,  t o  scan the  object more 

0 

than once, using d i f f e r e n t  empty a reas  f o r  t h e  re ference  

beam. 

I t  i s  p a r t i c u l a r l y  important t o  bea r  i n  mind t h a t  

bo th  t h e  sample and re ference  beams a r e  l i n e a r l y  polar ized .  

Advantage should be taken of t h i s  f a c t  t o  de t e rq ipe  the 

r e f r a c t i v e  i n d i c e s  f o r  the c r y s t a l l i n e  axes of bire- 

f r i n g e n t  specimens ( C f .  Bruce and Thornton 1957, G a h m  

1962).  The d i f f e r e n c e  i n  r e f r a c t i v e  i n d i c e s  i s  the  b i r e -  

f r ingence  (equation 2 ) .  

The use of phase modulation appears t o  r ep resen t  a 

s i g n i f i c a n t  advance over the i n t e g r a t i o n  methods f o r  

dry  mass, such a s  t h a t  of Davies and Deeley (1956),  

which re l ies  on photometry along the  r e l a t i v e l y  l i n e a r  

po r t ion  of t h e  s i n e  square c o n t r a s t  curve.  The r e l i a n c e  

on n u l l  po in t  measurements of weighted mean phase re- 

t a r d a t i o n s  i n s t e a d  of s t r a i g h t  photometry i n  t he  image 

p lane  would be expected t o  diminish e r r o r s  due t o  lack 

of c o n t r a s t  s p e c i f i c i t y .  The super ior  no ise  r e j e c t i o n  

of t h e  lock-in ampl i f i e r  over t h a t  of a simple demodula- 

t o r  i s  probably responsible  i n  l a r g e  p a r t  f o r  t h e  i m -  

provement i n  s e n s i t i v i t y  of t he  p re sen t  technique, which 

i s  est imated a s  one order  of magnitude o r  more. 

3 .  THE DESIGN OF AN INSTRUMENT FOR QUANTITATIVE MICROSCOPY - 
THE PAR SYSTEM 
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8 1 

A.  THE OPTICAL. SYSTEM 

A n  important weakness of m o s t  scanning microscopes 

i s  t h e  loss  of t h e  whole image and with it the  knowledge 

of what part of t he  specimen i s  being scanned by t h e  

microbeam. The PAR SYSTEM * w a s  designed t o  avoid t h i s  

* Design and construct ion by the  Princeton Applied Re-  

search Corporation. W e  are g r a t e f u l  t o  D r .  Horst  P i l l e r  

of t h e  Carl  Z e i s s  f i rm for  arranging t h e  s p e c i a l  manu- 

f a c t u r e  of c e r t a i n  e s s e n t i a l  p a r t s  of t he  system (nos. 6 ,  

15 ,  2 8  i n  Figure 5 ) .  

weakness by t h e  provis ion  of a dual  i l l umina t ion  system 

t h a t  allows the  specimen to  be observed o r  photographed 

as scanning d a t a  a r e  gathered e l e c t r i c a l l y .  The PAR 

SYSTEM i s  descr ibed below i n  d e t a i l  as  an example of an 

arrangement designed t o  take advantage of phase-modula- 

t i o n  teq&iques.  

The way i n  which t h i s  dua l  i l l umina t ion  was achieved 

i s  shown i n  Figures  5 and 6 ,  a diagram of t h e  modified 

Z e i s s  Photomicroscope. Light from a b r i g h t  source (1) 

such a s  a zirconium oxide,  mercury, o r  xenon a r c  i s  

passed through a f i e l d  l e n s  ( 2 ) ,  in f ra - red  absorbing 

f i l t e r  ( 3 )  , an in t e r f e rence  f i l t e r  (4 ) ,  and i l l umina te s  

e i t h e r  a c i r c u l a r  or  s l i t - shaped  ape r tu re  ( 5 ) b ,  This 

a p e r t u r e  i s  imaged by an achromatic l e n s  N o .  1 (16) i n  

t h e  plane of t h e  d i s t a l  f i e ld - s top  ( 1 7 )  and it i s  re- 

imaged i n  t h e  plane of the specimen by the  microscope 
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condenser  (22)., which may be an 

0 objective. An alternative lens 

(16) images the aperture in the 

field-stop ( 2 0 ) .  The microbeam 

inverted strain-free 

(No. 2) for position 

ptane of the proximal 

transmitted by the aper- 

ture passes through the modulator unit whichcwists of 

a polarizer (7), either one or two electro-optic light 

modulators (EOLM'S) (8,10), and a quarter- or half-wave 

plate (9) depending on the application. Three first- 

surf ace, quqrter-wave flat aluminized mirrors (6,15,19) 

all introduce small phase shifts which can be compensated 

by the mirror-compensator (11) Mirror (15) may be a 

dichroic beam-splitting element allowing short wave- 

lengths from the microbeam to be reflected into the 

optical axis of the microscope and transmitting long- 

wavelength unmodulated light from the auxiliary tungsten 

lamp, (12) into the same path, Otherwise this element 

(15) may be a 70-30 reflecting-transmitting beam splitter. 

Lenses (16 and 18) and one cover-plate (21) must be 

strain-free and of good optical quality, 

When the consenser ( 2 2 )  is focused on the distal 

field-stop (17) the background of the field of view is 

illuminated by an out-of-focus red image of the field 

stop (14) of the auxiliary tungsten lamp (12). In 

order to attenuate the short-wavelength unmodulated 

light, a red filter may be placed after the auxiliary 

tungsten lamp field lens ( 1 3 ) .  

Modulated light from the microbeam and unmodulated 

light with which the rest of the specimen may be observed 
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are both transmitted through the microscope objective 

(24), the telan lens (25), and analyzer (26), and 

optovar magnification changer (27). The beam splitter 

of the photomicroscope head has two positions which may 

be.used with the PAR SYSTEM. Position 3, (black) pro- 

vides a neutral beam-splitter which sends 50% of the 

light to the photomultiplier and 50% to the eye-piece 

facing the observer. Position 2 (red) provides a dichroic 

beam splitter (28) which directs short-wavelength light 

(from the microbeam) to the photomultiplier (31). Po- 

sitions l and 4 of the beam-splitter are for observation 

and cinematography, respectively, and do not allow any 

portion of the light to reach the photomultiplier tube. 

At position (30) there is a neutral 50% reflecting plate 

which allows the observer to see either an image of the 

plane of the film in the 35 mm camera or the photomulti- 

plier lens, depending on which is in place. This beam- 

splitter is removable to permit the signal level at the 

photomultiplier to be doubled. The 35 mm camera and the 

photomultiplier housings (31) can be rapidly interchanged 

(see Figure 6). 



-40- 

f I 

B. THE ELECTRONIC DETECTION SYSTEM 

The two-channel e l e c t r o n i c  system u s e d  i n  t h e  PAR a 
SYSTEM c o n s i s t s  of two fixed-frequency "lock-in ampl i f ie rs"  

(Figure 7 and 8 ) .  Each lock-in ampl i f i e r  opera tes  v i r t u a l l y  

independently of the o ther  i n  i t s  own servo  loop contain- 

i ng  an automatic compensator f o r  each of t h e  o p t i c a l  p r o p  

er t ies  measured. The lock-in a m p l i f i e r  i s  a phase and 

frequency s e n s i t i v e  de t ec to r  capable of amplifying 

s e l e c t i v e l y  s i g n a l  of  a chosen frequency while  r e j e c t i n g  

o the r  f requencies  ( C f .  Dick 1947, Moore 1962).  

Figure 7 shows a block diagram of t h e  e l e c t r o n i c  sys- 

t e m  w i th  i t s  two channels. The h e a r t  of each lock-in 

ampl i f i e r  i s  a phase-sensi t ive d e t e c t o r  which i n  t h i s  case 

i s  a synchronous demodulator i n  combination w i t h  a DC 

band-pass ampl i f ie r .  The synchronous demodulator i s  a n  

e l e c t r o n i c  double-pole, double-throw switch aperated a t  

channel frequency (from an i n t e r n a l  o s c i l l a t o r  s i g n a l ) .  

A s i g n a l  a t  the frequency of t he  demodulator w i l l  be f u l l -  

wave r e c t i f i e d  wi th  the output  p o l a r i t y  determined by the 

phase of the s i g n a l ,  That i s ,  i f  k.'hb) s i g n a l  and t h e  

o s c i l l a t o r  r e fe rence  a r e  i n  phase, the output  vo l tage  

w i l l  be p o s i t i v e .  I f  180 degrees et& of  phase,  t h e  out- 

p u t  w i l l  be negative.  

The o s c i l l a t o r  i s  of the stable twin-T type wi th  two 

outputs .  The f i r s t  provides t h e  phase s h i f t e r  w i t h  the  
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re ference  channel frequency f o r  t h e  phase-sensi t ive de- 

t e c t o r .  The second i s  connected t o  t h e  AC EOLM-driver. 0 
The phase s h i f t e r  i s  required because the  maximum 

output  of t h e  phase s e n s i t i v e  d e t e c t o r  i s  dependent on 

the  s i g n a l  and re ference  being e i t h e r  e x a c t l y  i n ,  o r  180 

degrees ou t  of phase, An ad jus t ab le  RC phase-sh i f te r  

v a r i a b l e  from 0-90 degrees i s  provided t o  compensate fo r  

any phase s h i f t  w i th in  the e l e c t r o n i c  system and the re fo re  

t o  optimize t h e  demodulator output.  

The EOLM-driver i s  a hybrid t r a n s i s t o r - t u b e  ( thermionic  

valtte) c i r c u i t  which ampl i f ies  t he  square-wave output  of 

t h e  o s c i l l a t o r  and app l i e s  t h i s  vo l tage  t o  t h e  EOLMwhen 

t h e  "mode s e l e c t o r "  switch i s  turned t o  e i t h e r  t h e  "open 

loop" o r  "servo" pos i t i on .  The peak-to-peak AC vol tage  

app l i ed  t o  each EOLM i s  +950 v o l t s ,  which induces a re- 

t a r d a t i o n  of a b o u t  +750 Angstroms. 

The photomul t ip l ie r  i s  an RCA type 1 P 2 1  tube with a 

s p e c t r a l  response be tween 3500 and 5500 Angstroms (maximum: 

4000A). 

has been i n s e r t e d  b e t w e e n  t h e  high-impedance output  of 

t h e  photomul t ip l ie r  t u b e  and the  lock-in ampl i f i e r .  

This ampl i f i e r  has an open-loop gain of 2000 and a f r e -  

quency response g r e a t e r  than 100Kc, and an output  of f r o m  

-7 t o  +10 v o l t s .  The open loop gain of t h i s  ampl i f i e r  

can be var ied  10% by t h e  " f i n e  ga in  con t ro l " .  The 

' 'coarse ga in  c o n t r o l "  has two f i n a l  p o s i t i o n s  ( f a r  

A conventional opera t iona l  DC c u r r e n t  ampl i f i e r  
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clockwise) which increase the amplifier gain by factors 

of 3 and 10 respectively. A l l  other positions of the 
0 

"coarse gain control" vary only the anode voltage 

(Figure 8). 

The "automatic" position of thel'coarse control" is 

designed to minimize servo error by keeping the signal 

at a constantly high level. At any other position of 

the "coarse gain control" light losses in the measuring 

beam would diminish the signal amplitude and the loop 

gain and therefore increase the servo error, At the 

"auto" position, the photocurrent is kept constant over 

a considerable range of light intensities by an auxiliary 

amplifier which senses the output of the photomultiplier 

amplifier and varies the power supply voltage to compen- 

sate for photocurrent variations. 

The DC amplifier is a hybrid transistor-tube circuit 

whi,ch amplifies the DC output of the phase-sensitive de- 

tector. When the "mode selector" is turned to ''servo'', 

this DC voltage is returned to the EOLM forcing it to 

serve as a linear automatic compensator. The voltage 

which appears at the meter, recorder, or oscilloscope 

is that which is required to bring the optical property 

under investigation to null. The "response time (sec) 'I 

control on the front panel controls the response time 

of the voltmeter only, and in no way affects the servo 

speed. 

The "meter zero" adjustment applies a 2 20 percent 

of range bias voltage to the voltmeter and recorder, 
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I t  is n o t  i n  t he  servo  l o o p  and cannot a f f e c t  i t s  per- 

formance. The meter zero i s  used t o  b r i n g  the  m e t e r  

i n d i c a t o r  t o  the  cen te r  i n  o rder  t o  expand the  s c a l e  

0 
- 

f o r  small change measurements. 

The "system zero' '  i s  a b i a s  w i th in  t h e  servo loop 

which may be appl ied  i n  order t o  n u l l  ou t  the effects  of 

r e s i d u a l  r e t a r d a t i o n .  I t  i s  properly ad jus ted  when t h e  

m e t e r  does n o t  change i t s  reading whgn the  mode s e l e c t o r  

i s  switched back and fo r th  from "servo" t o  "open loop" 
6 

w i t h  the  ga in  c o n t r o l  adjusted t o  read ca, 70 percent  

of f u l l  s ca l e .  

The "dark c u r r e n t  zero" adjustment i s  provided i n  

order  t o  n u l l  the  dark photocurrent from the photomulti- 

p l i e r  t o  provide conditions which a r e  optimal f o r  servo 

performance. 

T h e  e n t i r e  system i s  s u f f i c i e n t l y  compact t o  be 

mounted on a s e c r e t a r y ' s  desk i n  which the typewri te r  

drawer i s  used t o  house a pen recorder ,  The opera tor  

thus  can reach a l l  o p t i c a l  and e l e c t r o n i c  c o n t r o l s  w h i l e  

s ea t ed  a t  the microscope. The e n t i r e  arrangement i s  

shown i n  Figure 9. 
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C. CALIBRATION AND ERROR DETERMINATION 

1. Phase r e t a r d a t i o n  measurements 

The p ropor t iona l i t y  between the f i n a l  vo l tage  output  

of the  servo and specimen phase r e t a r d a t i o n  i s  determined 

by a simple c a l i b r a t i o n  procedure i n  which a quar te r -  

wave p l a t e  i s  r o t a t e d  a few degrees  on the s t age  of the  

microscope. I t  can be shown t h a t  t h e r e  i s  an automatic 

compensator s e t t i n g  fo r  which the re  i s  no change i n  t rans-  

mi t t ed  i n t e n s i t y  when the modulator axes a r e  interchanged 

a s  the  quarter-wave p l a t e  i s  r o t a t e d  by an angle 0 ( i n  

r ad ians )  from i t s  ex t inc t ion  poin t .  The phase r e t a r d a t i o n  

( A c )  of the automatic compensator ( t h e  EOEM) i s  given by: 

t a n  A = s in  2 8 
cos 2 8 .............0.....(23) 

Over four  degrees of a r c  the following approximation i s  

accura te  t o  one percent :  

A ,  = 2 0  . . . - 0 . .  0 . .  0 0 . .  . . (24) 
Since a lOOW r e t a r d a t i o n  fo r  l i g h t  of 5461 Angstroms wave- 

l eng th  corresponds t o  0.115 radian,  a r o t a t i o n  of the  

quarter-wave p l a t e  of .I 0.0575 rad ian  or  ? 3.29 degrees 

about  e x t i n c t i o n  should dr ive the  meter t o  the  p lus  and 

m i n u s  f u l l - s c a l e  extremes i n  the  100 W f u l l - s c a l e  range. 

The instrument  once c a l i b r a t e d  e i t h e r  w i t h  no ob- 

j e c t i v e  and condenser i n  place or  w i t h  s t r a i n - f r e e  o p t i c s  

w i l l  be alkeady proper ly  ad jus ted  t o  measure phase r e t a r -  
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d a t i o n s  d u e  t o  r e f r a c t i o n  when i n t e r f e r e n c e  o p t i c s  are 

inse r t ed .  

0 

2. O p t i c a l  Rotat ion 

The o p t i c a l  r o t a t i o n  channel i s  calibrated by ad jus t -  

i ng  the  meter response potentiometer of t h e  r o t a t i o n  

channel u n t i l  t h e  m e t e r  responds f u l l - s c a l e  a t  t h e  proper 

range t o  a 10 degree-rotat ion of t he  analyzer .  

D. DATA REGISTRATIO$ 

Three meters a r e  provided on the  f r o n t  panel  (Fig.  8) 

of  t h e  instrument f o r  reading the  output  of both servos 

and the photomul t ip l ie r  ampl i f ie r .  The recorder  (Fig.  9 )  

i s  arranged t o  make permanent records of any two of t hese  

m e t e r  ou tputs  simultaneously.  The m e t e r  and recorder re- 

sponses are slow, however, so t h a t  it i s  necessary t o  use 

an osc i l loscope  o r  o the r  r ap id  recording device f o r  r ap id  

events  . 
S m a l l  changes i n  phase r e t a r d a t i o n ,  r o t a t i o n ,  l i g h t  

t ransmission,  etc. can be measured by br inging  the de- 

s i red  inspec t ion  range i n t o  the center of the meter so 

t h a t  a s m a l l  po r t ion  of the range can be g r e a t l y  expanded. 

A t  some p o i n t  i n  t h e  s c a l e  expansion process  noise  w i l l  

appear i n  the record.  I f  the  l i g h t  source i s  stable and 

the instrument  proper ly  al igned ( e s p e c i a l l y  the  l e v e l i n g  

of the EOLMS) then the noise w i l l  be d u e  almost e n t i r e l y  

t o  photon noise ,  io=. s t a t i s t i ca l  f l u c t u a t i o n s  i n  the 
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stream of photons s t r i k i n g  the photocathode. Since t h e  

magnitude of  t h i s  no ise  v a r i e s  w i th  the r e c i p r o c a l  of t h e  

0 

square r o o t  of the  measurement t i m e ,  t h e  noise  can be 

supressed by RC f i l t e r i n g .  The "response t i m e  (sec)"  

adjustment f i l t e r s  noise from t h e  records,  b u t  in t roduces  

Y a time cons tan t  (2). T h e  t i m e  cons tan t  (t) i s  def ined  

as t h e  t i m e  requi red  f o r  the vo l t age  output  t o  reach 6 3  

percen t  of i t s  f i n a l  value a f t e r  the system had received 

a s t e p  change. After  double t h i s  i n t e r v a l  ( 2x ) t he  

vol tqge has reached 87  percent  of i t s  f i n a l  value.  Per- 

i o d i c  events  w i l l  be a t tenuated  by RC f i l t e r i n g .  For ex- 

ample, a frequency of 

percent .  A frequency 

per  cent .  

The t i m e  cons tan t  

1 w i l l  be a t t enua ted  by 10  

of 1 w i l l  be a t t enua ted  by 2 9  
m 

2n-z 

imposed by whatever f i l t e r i n g  i s  

employod m u s t  be considered c a r e f u l l y  not  only i n  re- 

cording p e r i o d i c  phenomena, b u t  i n  scanning across a 

specimen w i t h  considerable  de ta i l .  The o p t i c a l  informa- 

t i o n  i n  t h i s  d e t a i l  hay  be f i l t e r e d  o u t  i f  t o o  l a r g e  a 

t i m e  cons t an t  i s  used. 

When t h e  e lectr ical  data  m u s t  be c o r r e l a t e d  wi th  in- 

formation about movement o r  changes i n  shape of t h e  speci-  

men, it may be d e s i r a b l e  to  record one o r  both of t he  

se rvo  outputs  on c i n e  f i l m  along wi th  a cinematographic 

r eco rd  of the unmodulated l i g h t  image. T h i s  i s  done by 
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imaging the osc i l loscope  or recorder  sur face  on the  l e f t -  

hand margin of the cine f i l m  by means of a beam s p l i t t e r  
0 

placed between the  v e r t i c a l  eyepiece and c ine  camera l ens .  

An a rea  corresponding t o  t h a t  i n  which 'the e l e c t r i c a l  re- 

cord w i l l  be s to red  i s  f i r s t  blacked out  w i th  dark paper 

a t  the  plane of the  primary image (i.=. where the  eye- 

pkece micrometer i s  placed) i n  t he  ocular .  
? 

E. LIMITATIONS ON SPEED, SENSITIVITY AND SPATIAL RESOLUTION 

1. Speed 

The f a s t e s t  response time of the phase r e t a r d a t i o n  

channel of the PAR SYSTEM i s  1 mil l isecond.  The p o s s i b i l i t y  

of observing s m a l l  changes i n  a given o p t i c a l  p roper ty  

occurr ing  i n  one mil l isecond o r  l e s s  i s  diminished by the 

amount of noise  and o s c i l l a t o r  harmonics i n  the  servo 

loop. The p r a c t i c a l  l i m i t ,  t he re fo re ,  would appear t o  be 

the  amount of noise  t h a t  can be t o l e r a t e d  while  measuring 

t h e  event  of i n t e r e s t .  

2. S e n s i t i v i t y  

The d e f l e c t i o n  s e n s i t i v i t y  of the  instrument  i s  f ixed 

i n  t he  case both of r e t a rda t ion  and o p t i c a l  r o t a t i o n  measure- 

ments by the  e l ec t ro -op t i c  c o e f f i c i e n t  of the  EOLM. 

The absolu te  s e n s i t i v i t y ,  - i.e. the  sma l l e s t  change 

i n  an o p t i c a l  p roper ty  t h a t  can be measured, i s  determined 

by the amount of noise i n  t he  output  record.  By  p l o t t i n g  

t h e  noise  a s  a func t ion  of the r e c i p r o c a l  of the  micro- 
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beam spot diameter, it is possible to determine whether a 
the cause of the noise is fluctuations in photon emission 

(photon noise) or instrumental noise. 

As with any instrument of this type, the signal-to- 

noise ratio is proportional to the square root of the 

photon flux and is a function of the time constant, 

Thus minor gains in signal-to-noise ratios may be achieved 

by substituting more efficient photomultiplier tubes and 

polars, by using brighter light-gouyces, and by integrat- 

ing measurements over longer response times by RC filter- 

ing. The photon flux will be determined by the brightness 

of the light source, the transmission of the specimen, 

any filters that are used in the path of the measuring 

microbeam, and the area of the aperture which bounds the 

microbeam. 

determine the divergence angle of the microbeam at the 

The numkical aperture of the condenser will 

specimen plan= and therefore its resolving power 

3 ,  Spatial resolution 

If the microbeam is used to scan a specimen with de- 

tail, the spatial resolution of recorded measurements will 

depend on the numerical apertures of the condenser and 

objective lenses. Thus the limit of spatial resolution 

obtainable by scanning methods is one Airy unit, or about 

0.2-0.3 micron for visible light in the blue and green 

parts of the specimen. However, it must be borne in mind 



-49- 

that at the limit of resolution Q.2. with the apertures 

imaged to one Airy unit in diameter), the "leakage" of 

light from the spot into the diffraction rings amounts 

to some 16% of the energy in the beam. Phase retardation 

measurements with a precision of 1 percent obviously do 

not carry much meaning under these circumstances. It is 

a 

preferable to choose a minimum spot size at which the per- 

cent of the energy loss in diffraction equals the accept- 

able margin of error. 

In the case of polarized light microscopy, it has been 

shown by Allen, Brault, and Moore, (1) that the anomalous 

diffraction image in unrectified polarizing microscope 

optics affects neither the measuring accuracy nor the 

spatial resolution of the BDS, Therefore rectifiers are 

not required. 

There may be occasions when the symmetry or:the per- 

iodicity of a biological object may permit scanning with 

a slit instead 9f a circular aperture in order to improve 

the signal-to-noise ratio without loss :of spatial resolu- 

tion. For example, scanning a cylindrical object with a 

slit 1 Airy unit wide and 10 units long would increase the 

signal-to-noise ratio more than three-fold with no decrease 

in resolution across the diameter of the cylinder. 
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F. CONCLUDING REMARKS 

W e  have presented an account of t h e  theory  of  phase 

r e t a r d a t i o n  measurements i n  p o l a r i z a t i o n  and i n t e r f e r e n c e  

microscopy by image contrast and phase-modulation methods. 

Image c o n t r a s t  methods o f f e r  t h e  g r e a t  advantage of pro- 

v id ing  the  observer w i th  the enormous amount of informa- 

t i o n  i n  an image and the  opportuni ty  t o  scan t h i s  quani- 

t a t i v e l y  wi th  the  eye o r  capture the s p a t i a l  p a t t e r n  of 

phase r e t a r d a t i o n  d i f f e rences  on f i lm.  The problems of 

measuring these  phase r e t a r d a t i o n s  from images by means 

of t h e i r  c o n t r a s t  i s  a t  bes t ,  however, a d i f f i c u l t  ta’& 

even f o r  a microscopis t  experienced i n  t h e  d i f f i c u l t i e s  

of photometry . 
Phase modulation methods, on the other hand, while  

n o t  very u s e f u l  for the  prel iminary in spec t ion  of a speci-  

men+, are n e a r l y  i d e a l  f o r  making s p o t  measurements o r  f o r  

s p a t i a l ,  temporal,  or s p e c t r a l  scans, I n  modern ce l lu la r  

and molecu la r  biology the re  are inc reas ing  needs f o r  more 

s o p h i s t i c a t e d  o p t i c a l  techniques t o  unravel the myster ies  

of  b i o l o g i c a l  organizat ion.  Phase modulation methods 

o f f e r  many p o s s i b i l i t i e s  f o r  s tudying l igh t -mat te r  i n t e r -  

a c t i o n s ,  only a few of which have been discussed here.  

W e  have n o t  irlcluded i n  t h i s  d i scuss ion  any t reatment  of  

phase modulation methods f o r  absorpt ion,  dichroism, 

f luorescence,  or l i g h t  s ca t t e r ing .  W e  have a l s o  postponed 
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a discussion of the arrangements for the electromechanical 

scanning of the specimen. These subjects will be considered 
0 

in subsequent papers. 
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F i q u r e  Captions 

Fiqure 1. Contras t  curves for ob jec t s  w i th  d i f f e r e n t  phase 

r e t a r d a t i o n s  (AoB)  a t  d i f f e r e n t  background ( o r  b i a s )  
a 

r e t a r d a t i o n s  ( As ) for a high-ext inc t ion  polar iz ing  

microscope (F  =I . l o* ' ) .  Curves were computed from 

equat ion ( 9 ) .  

Fiqure 2. Contras t  curves for ob jec t s  w i th  d i f f e r e n t  phase 

r e t a r d a t i o n s  AoB 
equat ions (4 )  and (5jJ a t  d i f f e r e n t  background (o r  b i a s )  

r e t a r d a t i o n s  h 13 f o r  e i t h e r  an i n e f f i c i e n t  po la r i z ing  

Gr o p t i c a l  path d i f f e rences ,  see 

system, such a s  a crude po la r i z ing  microscope or a polar-  
(F =SO) 

i z i n g  in t e r f e rence  microscope curves were computed from 
A' 

equat ion (9 )  . 
Fiqure 3. A diagrammatic summary of d i f f e r e n t  o p t i c a l  arrange- 

ments t h a t  may be uged w i t h  phase modulated l i g h t  i n  polar-  

' . h a t i o n  and in t e r f e rence  microscopy as descr ibed  i n  the t e x t .  

F iqure  4. A diagram t o  i l l u s t r a t e  the b a s i c  system for  the  

de t ec t ion  and measurement of phase r e t a r d a t i o n  and o p t i c a l  

r o t a t i o n  ( see  t e x t )  . 
Fiqure 5. A diagram of the  modified a i s s  Photomicroscope 

(see  t e x t ) .  

F iqure  6 .  A s i d e  view of the modified Zeiss  Photomicroscope t o  

s h o w  the  r o t a t i n g  drums fo r  i n t e r f e r e n c e  f i l t e r s  (1) and 

microbeam ape r tu re s  ( 2 ) ,  the  modulator assembly ( 3 ) ,  the  

photomul t ip l ie r  housing ( 4 ) ,  and the  s l i d e  fo r  removal of 

t he  50% beam s p l i t t e r  before the photomul t ip l ie r  ( 5 ) .  
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Fiqure 7. A block diagram of t h e  e l e c t r o n i c  system. See t e x t  

for  d e t a i l s ,  

Fiqure 8, A photograph of the f r o n t  panel of the  con t ro l  box 

of the  instrument  manufactured by Princeton Applied Research 

Corporation. 

Fiqure 9. A photograph of the PAR system a s  used f o r  p o l a r i z a t i o n  

and in t e r f e rence  microscopy. The microscope i s  a modified 

Zeiss  Photomicroscope I; the  recorder  is  the  " R e c t i r i t e r '  

of the  Texas Instruments Co. 
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I. OPTICAL ALIGNMENT 

The following s t eps  w i l l  prepare the  o p t i c a l  p a r t  of  t h e  instrument f o r  

t h e  var ious types of measurements o f  which it is capable. 

A. THE BIREFRINGENCE CHANNEL 

1. Turn on t h e  zirconium oxide arc lamp (1) (N.B. ; numbers i n  parenthes is  

r e f e r  t o  the  i d e n t i f i c a t i o n  numbers i n  Figure 5 of Part I) .  

2.  Adjust the  beam-spl i t te r  s e l e c t o r  s l i d e  (28) i n  t h e  microscope tube head 

t o  t h e  red  pos i t ion .  

3.. Adjust t he  p o l a r i z e r  (7) and analyzer  (26) u n t i l  t h e  bes t  deep red e x t i n c t i o n  

c ross  is seen through the  v e r t i c a l  microscope tube. 

4. I n s e r t  t he  ocular  and objec t ive  lens  and c e n t e r  t he  objec t ive  on the  c e n t e r  

of  ro t a t ion  of t h e  revolving stage.  

5. Insert t h e  se l ec t ed  inver ted  objec t ive  i n  t h e  condenser mount and c e n t e r  it 

by br inging  an image of  t he  near ly  closed rear diaphragm (17) i n t o  the  p lane  

of t he  specimen and cen te r  of t h e  f i e l d .  

6 .  Interpose t h e  des i r ed  microbeam aper ture  i n t o  t h e  l i g h t  pa th  by r o t a t i n g  

t h e  aper ture  s e l e c t o r  drum (5) .  Be sure  t h a t  s p e c i a l  achromatic lens  #1 (16) 

is  i n  p lace ,  s o  t h a t  t he  f irst  image o f  t he  microbeam aper ture  appears n e a r  

t h e  plane of (17).  The rear (17) and f ron t  (20) diaphragms must be  f u l l y  open. 

7. Center t h e  microbeam aperture  with the  two center ing  screws which protrude 

from t h e  le f t  of t h e  aper ture  drum (5). 

8. Rotate t h e  f i l t e r  drum (4) t o  s e l e c t  the  des i r ed  in t e r f e rence  f i l t e r  (406, 

437,546, and 576 mil l imicrons) .  

9.  Pu l l  out t h e  s l i d e  t o  remove t h e  camera photoce l l  beam s p l i t t e r  (30) from 

t h e  l i g h t  path.  

10. Se t  lens  s e l e c t o r  (29) for  t h e  lower magnification (3.2 X) 

1 



. 
11. 

t h e  microscope tube head (between pos i t i ons  25 and 26). 

removed f o r  op t i ca l  r o t a t i o n  measurements .) 

If des i red ,  a quarter-wave p l a t e  may be in se r t ed  i n  t h e  s l o t  provided i n  . 
(N.B. ; This must be 

0 

B. THE ROTATION CHANNEL 

For o p t i c a l  ro t a t ion  measurements, s t e p s  1-10 are followed as before ,  and 

then t h e  following addi t iona l  s teps :  

12. 

If both channels and both EOLMs are  used, then the  quarter-wave p l a t e  is 

placed between them i n  the  s l o t  provided (9) .  

13. I f  a quarter-wave p l a t e  was placed i n  the  tube head s l o t  ( s t e p  11) it 

must be removed. 

A quarter-wave p l a t e  is  added af ter  e i t h e r  EOLM i f  only one EOLM is used. 

C THE INTERFERENCE ATTACHMENTS 

For measurements with the  in t e r f e rence  attachments , no quarter-wave p l a t e  

may precede t h e  microscope proper.  

the  exceptions noted below. 

14. 

free objec t ives  i n  s t e p s  4 and 5 ,  and t h e  d i r ec t ions  suppl ied with t h e  ZEISS 

in t e r f e rence  attachments a r e  followed t o  obtain a background phase r e t a rda t ion  

o f  zero (black) o r  one wavelength of green l i g h t  ( f i r s t  o rder  red co lo r ) .  

Steps 1-11 should be followed as above with 

0 

The in t e r f e rence  condensor and ob jec t ive  are s u b s t i t u t e d  f o r  t h e  s t r a i n -  

11. OPERATION OF THE ELECTRICAL SYSTEM 

A. ROUTINE ADJUSTMENTS 

1. Turn on t h e  lhaster switch and allow time f o r  t h e  temperature of  t he  

instrument  t o  s t a b i l i z e .  Large va r i a t ions  i n  room temperature w i l l  cause 

changes i n  the s t r a i n  b i re f r ingence  of  lenses  and cont r ibu te  t o  an undesirable  

degree  of  instrument d r i f t  

2 



2. 

adjus t  t h e  "Coarse Gain Controlt1 u n t i l  t h e  "Photomult ipl ier  Tube Output1' meter 

reads 70% ( a t  some pos i t i on  o t h e r  than "auto"). 

ad jus t  t he  "Dark Current Zero" unt i l  t h e  meter reads zero. 

3 ,  

4. 

Angstroms, and ad jus t  t h e  meter t o  zero with t h e  "Meter Zero" cont ro l .  

5 .  

i ts  range and t h e  llResponse Time" a t  0.1 second. 

6. 

of t h e  EOLM connector. 

ad jus t ing  each Allen-head screw separately.  

peak ( the  des i red  s e t t i n g )  and then dec l ine .  The second screw i s  adjusted 

t o  peak t h e  meter i n  t h e  opposi te  d i r ec t ion .  

i n s u f f i c i e n t ,  t h e r e  are two coarse adjustment screws located i n s i d e  t h e  modulator 

housing on e i t h e r  s i d e  of  t h e  EOLM. 

7 .  

t he  "Mode Selector"  is  switched between "Servo" and IlOpen Loop." 

8, The meter i s  then zeroed with t h e  "Meter Zero" con t ro l .  

9. Adjust the  mirror phase control  (11) u n t i l  t h e r e  is a minimum change i n  t h e  

pos i t i on  of t h e  phase r e t a rda t ion  meter when the  analyzer  i s  ro t a t ed  sl degree,  

10 A ro t a t ab le  c o l l a r  i n  t h e  photomult ipl ier  housing (31) contains  fou r  

aper tures  which may be used t o  l i m i t  s t r a y  l i g h t  from the  aux i l i a ry  i l lumina t ion  

sys tem,  

then remove t h e  photomirlt iplier housing. 

l a r g e r  aper tures  i n  the  l i g h t  path. 

photomul t ip l ie r  

Open the  camera s h u t t e r  t o  allow l i g h t  i n t o  t h e  photomult ipl ier  housing, and . 
Close t h e  camera s h u t t e r  and 

Reopen t h e  s h u t t e r .  

Connect t h e  b i re f r ingence  channel cable  t o  t h e  EOLM. 

Turn t he  "Mode Selector"  t o  "Servo," t h e  "Full Scale  Sens i t i v i ty"  t o  50 

For t h e  time being, s e t  t h e  "System Zero" cont ro l  t o  about t he  c e n t e r  of 

Level the  EOLM by adjus t ing  two Allen-head screws located on e i t h e r  s i d e  

Leveling is performed while watching the  meter by 

The meter reading w i l l  reach a 

If t h e  adjustment range is  

Adjust t h e  "System Zero" u n t i l  t h e r e  is  no change i n  meter reading when 

- 

To s e l e c t  the  proper  one, f irst  tu rn  the  "Coarse Gain Control" t o  OFF, - 
Rotate the  c o l l a r  t o  put one of t h e  

Measure t h e  l i g h t  i n t e n s i t y  reaching t h e  

tube  a t  some se lec ted  pos i t i on  of t h e  "Coarse Gain Control ,,I1 

3 



Then , turn the  l a t t e r  o f f ,  remove the  photomul t ip l ie r  housing, and in te rpose  

the  next  smaller aper ture  i n  t h e  l i gh t  beam. 

aper ture  i s  small enough t o  a f f e c t  t h e  l i g h t  i n t e n s i t y  reading. 

ape r tu re  t o  use is  t h e  one t h a t  does n o t  l i m i t  t he  i n t e n s i t y  of t h e  modulated 

l i g h t  from the  microbeam, but  does ' l i m i t  t h e  amount o f  unmodulated l i g h t  

reaching t h e  photomult ipl ier .  

11. 

the  f i e l d  of view. 

lens  of t h e  tungsten lamp (13). 

. 8 

Repeat t h i s  procedure u n t i l  t h e  

The co r rec t  
0 

The incandescent lamp may now be turned on t o  provide red  i l lumina t ion  f o r  

Be su re  t h a t  the red  f i l t e r  is  i n  p lace  af ter  the  f i e l d  

The 3ystem is now ready t o  use,  and t h e  specimen may be in se r t ed  and a 

measurement made. 

- B. 
1. 

Since t h e  meter is  not i n  t h e  servo loop, n e i t h e r  it nor  the  cont ro l  can affect 

THE FUNCTION OF THE CONTROLS 

The "Full Sca le  Sens i t i v i ty"  control  changes the  s e n s i t i v i t y  of  t h e  meter. 

0 
t h e  servo performance 

2.  The "Frequency Response" control is a f i l t e r  s e l e c t o r  which simultaneously cont ro ls  

the  frequency response of the  panel meter and pen recorder .  

3. The "Meter Zero" cont ro l  allows any p a r t  of t he  meter range t o  be expanded 

t o  look f o r  small  changes, e t c .  

IIoA. 7 and 8. 

4,  

I t s  proper  i n i t i a l  s e t t i n g  i s  found i n  s t e p s  

The "System Zero" cont ro l  appl ies  a b i a s  r e t a rda t ion  by a DC vol tage appl ied 

t o  t h e  EOLM within t h e  servo  loop. 

5, The red "Gain Test" but tons (one f o r  each channel) may be depressed a t  

Its proper s e t t i n g  i s  given i n  Step II,A,S. 

any time t o  provide an accurate  measure of  the  servo ga in ,  I n i t i a l l y ,  t he  t e s t  

bu t ton  is  ca l ib ra t ed  t o  change the  meter PO0 Angstroms o r  5 degrees when t h e  

"Mode Selector"  i s  i n  t h e  "Open Loop" p o s i t i o r  (See s t e p  II .C,  1" The r a t i o  
0 
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. between the  de f l ec t ions  of t he  meter o r  recorder  i n  open loop and servo is  t h e  
L 

servo gain. 

100 = -  meter reading-open loop Gain = meter reading-servo X 

6. The l l b d e  Se'lector" switch has "Open Loop," ltServo,ll and "Stand By" 

pos i t i ons .  In the  l a t t e r ,  no po ten t i a l  is  applied t o  t h e  EOLM, When not i n  

use (e.g. between measurements), the  switch should be l e f t  on t h a t  pos i t i on  t o  

conserve t h e  EOLMs. 

7. The llCoarse Gain w i l l  be used most f requent ly  i n  t h e  "Autof1 pos i t i on  

designed t o  minimize servo error by keeping the  photocurrent a t  a cons tan t ly  

high leve l .  

100 v o l t s  except for t h e  last two pos i t i ons ,  which increase  t h e  ampl i f i e r  gain 

In t h e  o t h e r  pos i t i ons ,  t h e  anode voltage i s  increased by s t e p s  of 

by f a c t o r s  of 3 and 10 respect ively.  

8. The "Recorder Se lec to r  Switch" on the  recorder  i tself  allows t h e  following 

s e l e c t i o n s :  

Pos i t ion  1 - 
Posi t ion  2 - 
Posi t ion  3 - 

pens are disconnected from the  rest of t h e  system. 

records the  output of  both lock-in channels. 

records the  b i re f r ingence  channel and the  photomul t ip l ie r  

amp 1 i f  ier  output simultaneous 1 y 

Pos i t ion  4 - records the  r o t a t i o n  channel and the  photomulr ipl ier  

ampl i f ie r  output .  

9. The "Recorder Drive Control" i s  a l s o  mounted on t h e  f r o n t  of the  recorder  

and has  fou r  pos i t ions .  

on t h e  pos i t i on  of t h e  "Recorder Se lec to r  Switch.11 

10. 

with f i v e  speed ranges. 

In the  "Off" pos i t i on  the  pens s t i l l  move, depending 

There is a "Paper Speed Control" located on t h e  l e f t  f r o n t  o f  t h e  recorder  

C. ELECTRONIC ALIGNMENT PROCEDURE 

NOTICE: THE FOLLOWING CIRCUIT CONTROLS HAVE BEEN FACTORY ADJUSTED FOR PEAK 
0 
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? 

PERFORMANCE OF THE INSTRUMENT AND IT SHOULD NOT BE NECESSARY TO READJUST THESE 

CONTROLS UNLESS THERE IS A COMPONENT FAILURE. 

1. 

board f r o m  t h e  l e f t  and has only one adjustment (R812 on t h e  schematic diagram) 

4 

The 2 4  v o l t  power supply is located i n  t h e  lower chass i s .  I t  is the  four th  
0 

which i s  used t o  set t h e  vol tage  on t h e  -24 v o l t  l i n e  a t  -24 v o l t s .  Connect an 

accurate  D.C. vol tmeter  between pin 6 and t h e  chass i s  f o r  t h i s  reading. 

2. 

lower chass i s .  I t  has only one adjustment (R222 on t h e  schematic) t o  set t h e  

The photomul t ip l ie r  tube power supply board is  second from t h e  l e f t  on the  

maximum tube vol tage  t o  1100 vo l t s .  Connect an accura te  D.C.  vol tmeter  between 

p in  1 and t h e  chass i s .  Shut o f f  a l l  l i g h t  t o  the  photomul t ip l ie r  by c los ing  the  

camera s h u t t e r .  Rotate the  "Coarse Gain Control" t o  pos i t i on  15. The meter 

should read 1100 v o l t s .  

3. 

chass i s ,  and has only adjustment (R10106 on t h e  schematic diagram)., 

t h i s  adjustment t h e  lower chass i s  has t o  be disconnected and removed f r o m  t he  

The +lo50 v o l t  power supply i s  loca ted  between t h e  f r o n t  panel and t h e  main 

In making 

0 
cabine t .  (CAUTION: 

DO NOT ATTEMPT TO CONNECT METER LEADS WITH THE POWER ON, )  Connect an accura te  

GREAT CARE SHOULD BE TAKEN WHEN ADJUSTING THIS POWER SUPPLY. 

vol tmeter  between t h e  end o f  R1017 (510K) closest t o  t h e  tube and chass i s .  The 

meter should read PO50 v o l t s  when the  power is turned on. 

4. 

and are al igned by t h e  same procedure. The o s c i l l a t o r  boards arb located i n  

t h e  upper chass i s ,  four th  from the  left (3Ocps channel) and f i f t h  f r o m  t h e  

The 3KC and 3Ocps o s c i l l a t o r  and phase-sh i f te r  boards are b a s i c a l l y  similar 

l e f t  (3KC channel). There a re  f ive  adjustments i n  t h i s  board, The upper-most 

one is t he  "Amplitude" adjustment R400, t h e  second from t h e  top is  the  "Frequencyt1 

adjustment R417, t h e  t h i r d  from the top  i s  t h e  "Phase" adjustment R438, t h e  

f o u r t h  from t h e  tpp i s  t h e  "Current" adjustment R414, and t h e  last i s  t h e  "Symmetry" 

adjustment R437. 

a. 

base of 4407 (2N1304) and t h e  chassis. The cont ro l  is adjusted f o r  maximum 

0 The amplitude con t ro l  is s e t  by connecting a good osc i l loscope  between t h e  
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. s igna l  amplitude without d i s to r t ion  of t h e  s ine  wave. - 4 

b o  

and s i x t h  from t h e  le f t  (3KC). 

of t h e  mixer board and ground. 

allow l i g h t  t o  e n t e r  the  photomult ipl ier  housing, tu rn  t h e  appropriate  channel 

"Mode Selector"  to"0pen Loop.11 

The frequency cont ro l  i s  found on t h e  t h i r d  board from t h e  l e f t  (30 cps) 

Connect a good osci l loscope between p in  15 

With t h e  lamp on and the  beam s p l i t t e r  set t o  

0 

Adjust t h e  Yoar se  Gain Control" so t h a t  t h e  

photomult ipl ier  ampl i f ie r  meter reads about 70% of f u l l  s ca l e .  Place a quar te r -  

wave p l a t e  on t h e  microscope s tage and r o t a t e  it u n t i l  a s i n e  wave appears on 

the  osci l loscope.  

amplitude. 

Adjust t h e  frequency control  f o r  a s i n e  wave of  maximum 

c. 

(910 ohms). 

reads 10 v o l t s .  

The current  adjustment i s  made with a good voltmeter connected across R327 

Turn t h e  "Mode Selectorlf  t o  ItServott and ad jus t  u n t i l  t he  meter 

d. 

output connector (CAUTION: 2000 VOLTS IS  PRESENT AT THIS POINT). Adjust t he  

symmetry control  R437 u n t i l  t h e  square wave's pos i t i ve  and negat ive pos i t ions  

The symmetry adjustment i s  made by connecting an osci l loscope across t h e  

0 

are of equal amplitude. 

5. The voltmeters €or t he  two channels are i d e n t i c a l ,  and t h e  following 

alignment procedure pe r t a ins  t o  both. The voltmeter is located i n  the  upper 

chass i s ,  one at  each end. There a re ,  two adjustments : 

a. The common mode r e j ec t ion  control  R1104 is  located c l o s e s t  t o  the  connector, 

Connect a 5 megohm r e s i s t o r  t o  connector p in  #2.  Connect another 5 megohm 

r e s i s t o r  t o  p in  #3. 

ou tput  p in  of an audio o s c i l l a t o r .  

t o  t h e  chass i s .  

Sca le  Sens i t i v i ty"  t o  one Angstrom u n i t .  

The o the r  end of both r e s i s t o r s  i s  connected t o  t h e  same 

The o the r  end of t h e  o s c i l l a t o r  is  grounded 

With t h e  9+fode Selector" i n  "Stand By," ad jus t  t h e  "Full 

Zero t h e  meter with the  "Meter Zero" 

c o n t r o l  on t h e  f ron t  pans l ,  

o f  Q1102 (S865) and t h e  base of  41103 (S865). Adjust t h e  o s c i l l a t o r  f o r  a 1 KC 

Connect a good d i f f e r e n t i a l  osci l loscope t o  t h e  base 

0 
s i g n a l .  The s igna l  on t h e  osci l loscope should reach a minimum when t h e  common 

mode r e j ec t ion  cont ro l  i s  set properly.  
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b. 

by r o t a t i n g  a quarter-wave p l a t e  on the  s t age  (See P a r t  I ,  3C) o r  introduce a 

known o p t i c a l  r o t a t i o n  by r o t a t i n g  t h e  analyzer .  

To a d j u s t  t he  meter ca l ib ra t ion  con t ro l ,  in t roduce a known phase r e t a rda t ion  - t 

The meter c a l i b r a t i o n  cont ro l  0 
should be ad jus ted  u n t i l  t h e  recorder  and meter agree with t h e  s tandard.  

6. 

ampl i f i e r  board, (lower chass i s ,  f i r s t  c i r c u i t  board on t h e  l e f t )  

The photomul t ip l ie r  automatic gain cont ro l  is  loca ted  on t h e  photomul t ip l ie r  

There i s  only 

one adjustment (R113 on the  schematic). The purpose of  t h e  automatic gain 

' 0  

cont ro l  ( the  "Auto'' pos i t i on  on t h e  "Coarse Gain Control" adjustment) i s  t o  

keep t h e  gain o f  t he  servo constant when t h e  sample dens i ty  changes. I t  does 

t h i s  by con t ro l l i ng  t h e  vol tage  across t h e  photomul t ip l ie r  tube i n  such a 

manner t h a t  the  output o f  the  photomult ipl ier  ampl i f i e r  remains constant .  Care 

should be taken when using the  "Auto" pos i t i on ,  as t h e  photomul t ip l ie r  ampl i f i e r  

cannot d i s t i n g u i s h  between b i re f r ingence  s i g n a l s ,  r o t a t i o n  s i g n a l s ,  and noise .  

This cont ro l  should be set f o r  best  servo performance and may r equ i r e  some 

t r i a l  and e r r o r  before  t h e  bes t  s e t t i n g  is found. 

7. 

Angstroms o r  5 degrees.  

The gain t e s t  but ton is normally ad jus ted  f o r  an open loop change of  100 

The gain test may be c a l i b r a t e d  i n  t h e  following manner: 

Turn t h e  "Mode Se lec tor"  t o  "Open Loop "Microscope Beam S p l i t t e r  (28) Selector"  

t o  "Red Posi t ion",  s h u t t e r  open, "Coarse Gain Control" set f o r  optimum servo 

performance, "Full  Sca le  Sens i t i v i ty"  of' 100 Angstroms (or 5 degrees) ,  and 

t h e  channel meter a t  zero. Depress t h e  "Gain Test"  but ton and ad jus t  the  

gain tes t  c a l i b r a t i o n  potentiometer located on t h e  f e a r  panel u n t i l  t h e  meter 

reads f u l l  scale. 
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